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International Ocean Discovery Program - Hole U1473A was drilled on the 
summit of Atlantis Bank, Southwest Indian Ridge during Expedition 360 brought 
back an excellent opportunity to study more about the lower oceanic crust at the 
ultra-slow spreading ridges. Core samples recovered from the hole include mainly 
gabbroic rock dominated by the olivine gabbro, lesser amounts of oxide (bearing) 
(olivine) gabbro, and minor troctolitic gabbro. 
Felsic veins are minor in abundance (1.5vol% of the entire drilled core) but they 
appear pervasively in the hole U1473A. The veins often occur as planar or branched 
networks, and whitish in color with various sizes in the gabbroic rocks. Felsic rocks 
can be easily distinguished by higher Si, Na, Fe, and Ti components, but lower in 
Ca and Al concentrations than those of their host gabbros. The veins consist of 
mainly sodic plagioclase with lesser amounts of brown amphibole, quartz; Fe-Ti 
oxides. Accessory minerals are apatite and zircon, ±biotite. On the IUGS 
classification scheme of plutonic rocks, the felsic rocks are hornblende gabbros, 
hornblende bearing anorthosites, and quartz-bearing anorthosites sensu stricto. In 
the QAP diagram, range from diorites, quartz diorites to tonalites. In the granitoid 
family, all felsic rocks belong to metaluminous series (ASI = 0.57-0.87). 
The veins morphology and the myrmekitic textures as well as the abundances 
of zircon, apatite, and Fe-Ti oxides, and the elevated estimated temperature from 
quartz in most of the veins strongly argue for their late magmatic origin. In addition, 
the abundances of trace elements including REEs at various levels of all the vein 
minerals strongly support a crystallization at various magmatic stages.  
However, felsic melts have very high values of nonbridging oxygens per 
tetrahedrally coordinated cations (NBO/T) due to the abundances of apatite and Fe-
Ti oxides in most of the veins. Also, oxide gabbros often show disequilibrium 
textures between Fe-Ti oxides and silicate minerals, containing clinopyroxenes with 
high Mg# (70-90), but rich in REEs as those of the amphibole in the felsic veins. These 
characteristics of felsic rocks and oxide gabbros could not be explained by simple 
fractional crystallization.  
The characteristics of melt trace-REE patterns reconstructed from clinopyroxenes 
in most of gabbroic rock types were compared with perfect fractional crystallization 




compositions. On the other hand, the melt HFSE-REE patterns in equilibrium with 
the brown amphibole in oxide gabbros show unusual Eu and HSFE (Zr, Hf, Ti) 
signals, in comparisons with those in the felsic veins. These observations clearly 
suggest another differentiation mechanism of the MORB in addition to fractional 
crystallization is required. The comparison among possible processes (i.e., hydrous 
partial melting, Reactive Porous Flow, fractional crystallization, and liquid 
immiscibility) occurring at the late stage evolution of the parental MORB points to 
liquid immiscibility hypothesis for the formation of both felsic rocks and oxide 
gabbros in hole U1473A. 
To expand our knowledge of the lower crustal section at slow spread oceanic 
crust, modes of interactions between SiO2-rich melts forming felsic veins and the 
host gabbros are described in detail. Based on geochemical criteria and texture of 
the vein minerals in the relations to the host gabbros, felsic rocks can be classified 
into three categories: (1) Felsic rocks with sharp boundaries were crystallized from 
evolved SiO2-rich melts in relatively large spaces (i.e., fracturing systems) when the 
gabbros were already cooled, and that there was very little interaction between the 
melts and the host minerals. (2) Replacive felsic rocks were formed by 
pseudomorphic replacement processes of minerals in the host gabbros, in which 
dissolution-precipitation is dominated mechanism. (3) Felsic rocks with diffuse 
boundaries were produced by the penetration of the earliest stage SiO2-rich melts 
into the solidifying gabbro framework during cooling. 
The oxide gabbros are composed of primitive gabbro cumulates and the 
additions of apatite, Fe-Ti oxides from percolating Fe-Ti oxide rich melts intimately 
related to the formation of felsic veins, highly possible resulted from liquid 





Constructive plate margins including mid-oceanic ridges are the greatest sites 
of magma generation volumetrically (Wilson, 2007). The formation of the lower 
oceanic crust at mid-ocean ridge is an integrated process from generation of basaltic 
magmas derived by partial melting of the upwelling lithospheric mantle to 
crystallization of the gabbroic- to felsic assemblages, followed by hydrothermal 
alteration processes at later stages. The lower crusts are generally dominated by 
gabbroic sequences with compositions ranging from primitive troctolitic gabbro to 
evolved oxide gabbros, and felsic rocks. In order to expand our understanding into 
the mantle, it is imperative to study the oceanic crust and the processes which has 
been occurring in the lower crust gabbros.  
Lissenberg, Maeda and their colleges in (Lissenberg and Dick, 2008; Lissenberg 
et al., 2013; Maeda et al., 2002) emphasized that reaction between the gabbroic 
mineral assemblage in the earlier stages of crystallization and migrating melts 
(interstitial and/or highly fractionated melts) is an important process in melt 
evolution beneath mid-ocean ridges. Lissenberg in (Lissenberg and MacLeod, 2016) 
also pointed out that reactive porous flow occurs at both grain and sample scales, 
extending to global scales; in which, one lithology can be completely modified to 
another, i.e., troctolite to olivine gabbro. 
International Ocean Discovery Program (IODP) Expedition 360 including Leg 1 
of the SloMo (shorthand for “The nature of the lower crust and Moho at slower 
spreading ridges”) Project, a multiphase drilling program that aims ultimately to drill 
through the Mohorovičić seismic discontinuity (Moho) at slow-spreading mid-ocean 
ridge. Hole U1473A, drilled 789.7 m deep on the summit of Atlantis Bank, Southwest 
Indian Ridge during Expedition 360, provides excellent opportunities to study the 
lower oceanic crust at ultra-slow spreading ridges.  
Felsic rocks can be easily observed in Hole U1473A, and are distinguished by 
their whitish color and the igneous textures. Based on the drilled cores visual 
estimation on shipboard JR (JOIDES Resolution) in 2016, felsic rocks are minor (about 
1.5 vol%) but occur pervasively throughout the hole (MacLeod et al., 2017). The origin 
of melts forming felsic rocks in oceanic crust might be diverse and is still on debating. 
The felsic rocks are generally interpreted to have formed either from highly evolved 
fractionated melts at the late stage of crystallization after the gabbroic sequences, or 




and/or sheeted dyke complexes (Dick et al., 2000; Erdmann et al., 2015; Erdmann et al., 
2017; France et al., 2010; France et al., 2014; Koepke et al., 2006; Koepke et al., 2005; 
Koepke et al., 2004; Niu et al., 2002; Pietranik et al., 2017; Robinson et al., 2002; Zhang 
et al., 2017).  
On the other hand, the intimate association between felsic rocks and oxide 
gabbros, and the abundances of Fe-Ti oxides, apatite in felsic veins in slow-
spreading ridge samples (including samples in Ocean Drilling Program (ODP)-Hole 
735B and IODP-Hole U1473A) suggest another mechanism for the formation of the 
felsic melts at the late stage of MORB evolution, such as liquid immiscibility/magma 
un-mixing, as experimentally proved and discussed in (Charlier and Grove, 2012; 
Charlier et al., 2013; Dixon and Rutherford, 1979; Natland, 2002; Philpotts, 1967; 
Philpotts, 1976; Philpotts, 1979; Philpotts, 1982; Tegner and Cawthorn, 2010; 
Veksler, 2009; Veksler et al., 2007; Veksler et al., 2006) and references therein.  
  In this study, based on petrographic observations and mineral chemistry, 
author present the diverse occurrences of felsic rocks (in the gabbros) and oxide 
gabbros in IODP-Hole U1473A. Also, I will propose the most suitable among the 
existing models for the formation of the studied felsic rocks in Hole U1473A, then 
discuss various infiltration modes of evolved melts forming the felsic veins 
corresponding to their appearances and boundary relationships with the host 
gabbro. Finally, I will propose the models for the late stage evolution of the MORB 
and the relationship between felsic rocks and oxide gabbros.  
2. Geological Background and Lithology of Hole U1473A 
IODP-Hole U1473A (32°42.3622'S; 057°16.6880'E) is located on the summit of 
Atlantis Bank at the Southwest Indian Ridge. It was drilled to 789.7 meters below 
seafloor (mbsf) during Exp. 360 into massive gabbros that are locally cut by some 
isolated dikes (Figure 1). This oceanic crust was formed from around 11Ma ago 
beneath the ultra-slow Southwest Indian Ridge with a full-spreading rate of about 
14 mm/year (Dick et al., 2000; Sauter and Cannat, 2013). Previous Ocean Drilling 
Program (ODP) operations drilled two other holes at Atlantis Bank, located at 1-2 
km away from the Hole U1473A. They are Hole 735B (32°43.39′S, 57°15.96′E, 1508m 
deep), drilled during ODP Leg 118 in 1987 and ODP Leg 176 in 1997 and Hole 1105A 
(32°43.13′S, 57°16.65′E, 158m deep), drilled during ODP Leg 179 in 1998. Both holes 
mainly recovered long sections of gabbroic rock dominated by the olivine gabbro, 




leucocratic veins (Casey et al., 2007; Dick et al., 2000; Dick et al., 1999; Von Herzen et 
al., 1991). 
Olivine gabbro (containing <1% oxide; 76.5 vol%) is the dominant rock type 
recovered from Hole U1473A; followed by remarkable proportions of 
disseminated-oxide gabbro (1–2% oxide; 9.5 vol%) and gabbro (<1% oxide; 5.1 
vol%), oxide gabbro (>5% oxide; 3.7 vol%), oxide bearing gabbro (2–5% oxide; 3.7 
vol%) (MacLeod et al., 2017). The relationships between these rocks are very 
complicated, ranging from: (1) interlocking of undeformed gabbros and coarse- to 
pegmatitic- oxide gabbro layers; (2) intercalating between olivine gabbro and 
patches of oxide- and pyroxene-rich gabbro; (3) migrating of late Fe-Ti oxide-rich 
melts along the active shear zones in the gabbros to form oxide (bearing-) gabbros.  
The occurrences of Fe-Ti–rich oxide gabbro(norite), whether in layers, patches 
or within shear zones, record the migration history of the reactive melts through the 
section. They might have crystallized either (1) from evolved interstitial melt 
compacted out of the olivine gabbro cumulates or (2) from Fe-Ti rich immiscible 
melts at the late stage evolution related to the formation of the felsic veins, which 
might be resulted from liquid immiscibility process. 
 Studied samples are diverse, including the gabbros with/without felsic veins; 
in which felsic rocks compose of whitish igneous veins, and networks, making an 
account for a small amount, approximately 1.5 vol% of the entire section. Oxide 
gabbro samples include oxide (bearing) (olivine) gabbro (norite) (>2 vol% of oxides).  
 
Figure 1. (a) Location of Hole U1473A and 3D image of Atlantis Bank; (b) 
Summary of geological map with ODP/IODP drill sites marked, modified from 




3. General Description of Host Gabbros, Felsic Veins and Oxide Gabbros 
Petrography and mineral abundance estimations were carried out through the 
combination of microscopic observations, enlarged photos taken by scanning thin 
sections with/without polarized plates, and X-ray elemental mapping images.  
Felsic rocks are present in all lithologies, i.e., olivine gabbro, gabbro, oxide (-
bearing) (olivine) gabbro(norite). To highlight the magmatic characteristics of felsic 
veins and the interaction between highly evolved felsic melts-gabbroic rocks in the 
lower crust, I have mainly focused on the least deformed felsic vein samples. On the 
contrary, most of the oxide gabbros experienced moderate to strong effects of 
deformation. The summary of observations of representative samples is presented 
in Tables 1, 2, 3, and 4. 
3.1. Gabbros/ Gabbros hosting Felsic veins (opaque minerals <2%) 
The gabbros are typically coarse- to medium-grained with equigranular 
textures, including plagioclase and clinopyroxene, (± olivine) as the predominant 
phases. Small amounts (< 1-2%) of opaque minerals containing sulfides and Fe-Ti 
oxides are present as accessory or trace phases in some samples.  
The plagioclase abundances vary from 38% in the olivine gabbros, extending to 
70% in the gabbros, reaching a maximum of 75% in one troctolitic gabbros. The 
plagioclases are commonly equigranular with various sizes and shapes, ranging 
from coarse (>5 mm) to medium (1–5 mm) grained. In the olivine gabbro they are 
often subhedral to anhedral, interlocking with olivine and clinopyroxene. Also, they 
occur as fine (0.1-1mm) to medium chadacrysts included in coarser grains of 
clinopyroxene oikocryst, forming typical subophitic-ophitic texture in some thin 
sections (Figure 2. a, b).  
The proportions of clinopyroxene vary inversely with plagioclase abundances, 
ranging from 15 to 50% with granular texture of subhedral to anhedral crystals. 
Coarse- to medium grains of clinopyroxene containing numerous micro-blebs (20–
150 µm) of brown amphibole are commonly observed. These brown amphibole 
blebs have much higher abundances especially in the gabbros hosting felsic veins 
and is likely related to the formation of the felsic rocks.  
Olivine modal amounts decrease from 30% in olivine gabbros down to 3-4% in 
olivine bearing gabbros. It is generally anhedral granular, coarse- to fine grained. 




ubiquitously in most of the samples (Figure 2. a, c, d). They are often present in thin 
sections in form of thin selvages between olivine and plagioclase or clinopyroxene 
with irregular sizes and shapes. 
The occurrences of felsic veins and the abundance of opaque minerals are good 
indicators for the alteration and deformation of the gabbros. The gabbroic samples, 
that do not include felsic veins and/or contain <1% Fe-Ti oxides, often show the least 
effects of alteration. The primarily magmatic features (i.e., sub-ophitic texture) are 
well preserved (Figure 2. a, b). Effects of deformation on these rocks are minimal in 
the entire studied samples. 
On the contrary, all the gabbro hosting felsic vein samples were moderately to 
strongly altered (Figure 2. c–f). Olivine often shows the strongest effect of 
hydrothermal alteration compared to plagioclase and clinopyroxene. In some thin 
sections, the olivine is completely altered to serpentine, talc, and Fe-Ti oxide 
aggregates; pseudomorphic replacements by calcite and clay are also observed. 
Chlorite often develops along grain boundaries between olivine and plagioclase or 
forming thin veins in plagioclase, while clinopyroxene is partially replaced by 





Figure 2. Representative photomicrographs of the gabbros (a-b) and gabbros 
hosting felsic veins (c-f) IODP Hole U1473A. (a) Core 66R1, 86-92cm; 
orthopyroxene and brown amphibole occur as thin rim between olivine and 
plagioclase; (b) Core 79R5, 35-40cm; sub-ophitic texture commonly observed in the 
gabbros; (c) Core 68R4, 121-124cm; clinopyroxene grains include numerous small 
(30–150 µm) blebs of brown amphibole. (d-e) Core 66R5, 1-7cm; relatively fresh 
portion and the alteration of olivine and plagioclase in olivine gabbro hosting felsic 
vein; (f) Core 41R2, 26-31cm; Calcite pseudomorphing olivine. Ol: olivine. Pl: 
Plagioclase. Cpx: Clinopyroxene. Opx: Orthopyroxene. Amp: Amphibole. Tlc: Talc. 




Table 1. Detailed characteristics of representative studied gabbro hosting felsic vein samples - Hole U1473A. 
No 










Host gabbros - Mineral Mode (%) 
Plagioclase 
Modal; An Mean 
(Range); N 
Clinopyroxene 
Modal; Mg# Mean 
(Range); N 
Olivine 
Modal; Fo Mean 





1 41R2, 26-31cm 373.11 20 Olivine gabbro 
Coarse grained;  
strongly altered; 
Host of felsic Vein-S 
43; Core: 53 (52-54); 4 
Rim: 53 (52-53); 4 
50; Core: 86 (83-90); 5 
Rim: 86 (85-88); 4 
7; completely altered - <1 
2 64R2, 110-113cm 578.78 20 Gabbro 
Medium grained;  
moderately altered;  
Host of felsic Vein-S 
60; Core: 55 (54-56); 4 
40; Core: 80 (76-84); 6 
Rim: 81 (80-83); 5 
- <1 T 
3 64R2, 128-133cm 578.96 70 Olivine gabbro 
Medium grained;  
strongly altered; 
Host of felsic Vein-S 
47; Core: 57 (53-59); 20 
Rim: 57 (53-59); 20 
35; Core: 82 (76-87); 33 
  Rim: 82 (76-85); 19 
18; Core: 74 (72-75); 16 
Rim: 74 (73-75); 13 
<1 <1 
4 66R4, 46-49cm 601.82 55 Gabbro 
Pegmatitic grained;  
strongly altered; 
Host of felsic Vein-R 
70; Core: 57 (54 -62); 25 
Rim: 57 (54-61); 18 
30; Core: 85 (84-88); 7 
Rim: 86 (84-88); 6 
- - T 
5 66R5, 1-7cm 602.83 80 Olivine gabbro 
Medium grained;  
strongly altered; 
Host of felsic Vein-R 
46; Core: 58 (54-60); 32 
   Rim: 58 (52-63); 28 
40; Core: 84 (81-92); 41 
  Rim: 84 (79-88); 32 
14; Core: 76 (74-79); 8 
   Rim: 77 (75-78); 7 
<1 T 
6 68R4, 121-124cm 621.73 40 Olivine gabbro 
Medium grained;  
strongly altered; 
Host of felsic Vein-S 
50; Core: 54 (52-56); 5 
   Rim: 54 (53-55); 4 
40; Core: 73 (73-74); 3 
  Rim: 72 (72-73); 2 
10; Core: 76 (75-76); 3 <1 T 
7 85R3, 83-90cm 754.08 35 
Oxide bearing 
gabbro 
Medium grained;  
strongly altered; 
Host of felsic Vein-D 
36; Core: 41 (36-45); 15 
   Rim: 30 (22-44); 15 
60; Core: 71 (67-76); 12 
  Rim: 69 (65-74); 6 
- <1 4 
Notes: mbsf = meter below sea floor; Vol (%): Proportion of host gabbro in the thin section; Vein-S: Felsic vein with sharp chemical and textural boundaries 
with the host gabbros, Vein-R: Felsic vein with sharp chemical boundaries but textural continuity from the host gabbros; Vein-D: Felsic vein with diffuse 
chemistry and texture of minerals in vein and in the host rock; An (mol%) = 100 × Ca/(Ca+Na+K), Fo (mol%) = 100 × Mg/(Mg+Fe); Mg# (mol%) = 100 × 




Table 2. Detailed characteristics of representative studied felsic vein samples - Hole U1473A. 
No 











Felsic rocks - Mineral mode (%) 
Plagioclase 
Modal; An mean 
 (range); N 
Orthopyroxene 






Quartz Apatite Zircon Biotite 
1 41R2, 26-31cm 373.11 80 
Felsic vein_ 
Diorite 
Planar felsic  
Vein-S 
60; Core: 32 (23-35); 12    
Rim: 24 (15-33); 11 
- 15 13 - 7 3 2 





60; Core1: 38 (38-39); 2 
   Rim1: 37 (36-37); 2 
 Core2: 6 (2-11); 6  
Rim2: 8 (8-9); 3 
1; Core: 66; 1 
  Rim: 66; 1 
6 7 25 1 T - 
3 64R2, 128-133cm 578.96 30 
Felsic vein_ 
Diorite 
Planar felsic  
Vein-S 
60; Core: 27 (15-38); 17 
   Rim: 21 (15-28); 12 
- 25 8 3 1 3 <1 





65; Core: 20 (10-28); 23 
Rim: 15 (6-26); 23 
- 10 2 22 <1 1 <1 






50; Core: 16 (6-21); 19 
Rim: 10 (4-21); 18 
- 36 1 13 - <1 - 
6 68R4, 121-124cm 621.73 60 
Felsic vein_ 
Diorite 
Lower part of 
large planar felsic 
Vein-S 
70; Core1: 31 (25-34); 8 
Rim1: 21 (13-33); 7 
Core2: 10 (5-15); 6 
Rim2: 13 (3-17); 5 
7; Core: 63 (62-64); 3 10 8 - 5 - <1 





67; Core: 31 (27-35); 16 
  Rim: 25 (19-31); 16 
5; Core: 57 (54-63); 10 
Rim: 56 (53-64); 7 
3 15 - 10 <1 <1 





Table 3. Detailed characteristics of representative studied oxide gabbro samples - Hole U1473A. 
No 
Leg 360 - 













Oxide gabbros - Mineral mode (%) 
Plagioclase 
Modal; An 
mean (range); N  
Clinopyroxene 
Modal; Mg# 
mean (range); N  
Olivine 
Modal; Fo mean 
(range); N  
Orthopyroxene 
Modal; Mg# mean 


















Core: 41 (39-42); 4 
Rim: 41 (40-42); 4 
35;  
Core: 73 (72-74); 4 
Rim: 73 (69-75); 4 
6;  
Core: 56 (55-57); 7 
Rim: 56 (55-58); 5 












Core: 45 (44-45); 3 
Rim: 46 (45-46); 3 
20;  
Core: 73 (73-74); 3 
Rim: 73 (71-74); 3 
- 
20;  
Core: 67 (67-68); 3 
Rim: 67 (67-68); 2 













Core: 50 (48-51); 4 
Rim: 49 (47-51); 4 
34;  
Core: 77 (75-80); 6 
Rim: 78 (76-79); 6 
5 (not analyzed) 
11; 
 Core: 70 (69-71); 4 
Rim: 70 (69-71); 4 












Core: 45 (43-48); 9 
Rim: 43 (39-48); 9 
41;  
Core: 75 (74-76); 9 
Rim: 75 (74-77); 9 
6;  
Core: 66 (65-66); 2 
Rim: 66 (65-66); 2 
5; 
Core: 69 (67-71); 7 
Rim: 69 (67-71); 7 












Core: 43 (42-43); 3 
Rim: 41 (39-42); 3 
60;  
Core: 73 (72-75); 10 
Rim: 74 (72-76); 9 
- 
7;  
Core: 67 (65-67); 5 
Rim: 66 (65-67); 5 













Core: 43 (42-44); 4 
Rim: 42 (41-42); 4 
40;  
Core: 71 (70-73); 5 
Rim: 71 (70-72); 4 
- 
6;  
Core: 63 (63-64); 5 
Rim: 63 (62-63); 5 












Core: 41 (39-41); 9 
Rim: 37 (28-42); 9 
10;  
Core: 76 (70-79); 7 
Rim: 76 (73-78); 7 
- 
1;  
Core: 65 (65-66); 3 
Rim: 65 (65); 2 












Core: 43 (42-43); 2 
Rim: 43 (42-43); 2 
40;  
Core: 71 (69-73); 5 
Rim: 70 (67-72); 5 
- 
10;  
Core: 67 (62-70); 5 
Rim: 65 (61-68); 5 
6 <1 <1 <1 




3.2. Felsic Veins 
Felsic veins are generally planar and/or in the form of branched networks 
crosscutting the host gabbros. Using X-ray mapping techniques, felsic veins can be 
easily distinguished from their host gabbros by the enrichments of Si, Na, Fe, and 
Ti constituents but depletions in Ca and Al components.  
Major phases of the felsic rocks are plagioclase, amphibole, Fe-Ti oxides, 
±quartz, ±orthopyroxene. Subordinate minerals include zircon, apatite, ±titanite, 
±biotite, ±K-feldspar; secondary minerals are pale green-colorless amphibole, 
±carbonate, ± clay materials. Following the IUGS classification of plutonic rocks 
(W. Le Maitre et al., 2002), the felsic rocks are hornblende gabbros or hornblende 
bearing anorthosites and quartz-bearing anorthosites (Figure 3. a) sensu stricto. In 
the QAP diagram, felsic rocks include diorites, quartz diorites, and tonalites 
(Figure 3. b). 
 
Figure 3. IUGS Classification of felsic rocks - Hole U1473A. (a) Plagioclase-
pyroxene-hornblende classification scheme; (b) QAP diagram. Symbols with the 
connected lines indicate pairs of host gabbros (gray)- felsic rocks (colorful) in the 
same samples. 
On the basis of petrological and geochemical characteristics of minerals in 
veins and in the host rocks as well as nature of the boundaries, felsic rocks can be 
divided into three types: (1) Vein-S/ felsic rock with sharp boundaries is defined 
by the sharp chemical and textural boundaries, (2) Vein-R/ felsic rock with features 
of replacement is characterized by the sharp chemical but in textural continuity 
with the host gabbros, and (3) Vein-D/ felsic rock with diffuse boundaries is 
typified by the diffusions in both chemistry and texture of minerals in vein and in 




























































3.2.1. Diverse Occurrences of Felsic Veins in the Hole U1473A  
a. Vein-S/ Felsic Rock with Sharp Boundaries  
Felsic rocks with sharp boundaries can be defined by the differences in terms 
of texture and composition between the host rocks and the felsic veins. The gabbros 
hosting felsic rocks are often composed of anhedral minerals, with fine- to 
medium-grains. Whereas, the felsic veins consist of subhedral-euhedral 
plagioclase and amphibole. The compositions of the minerals in the host rocks do 
not show much variation from cores to rims, generally between 1-3 mol%, rarely 
up to 6 mol%. On the contrary, the minerals in vein often display a strong normal 
zoning patterns with the chemical gap up to >20 mol% (plagioclase). As shown in 
Figure 4 is a typical example of the host gabbro and a felsic rock with sharp 
boundaries. 
 
Figure 4. Host olivine gabbro and felsic rock with sharp boundaries core 64R2, 
128-133cm. (a) Phases X-ray image. Notice the sharp planar shape of the vein. (b) 
Chemical profile across the felsic vein. (c) Photomicrograph of the felsic boundary. 
Pl: Plagioclase. CPL: Calcic plagioclase. LCP: Less calcic plagioclase. Cpx: 





b. Vein-R/ Felsic Rocks with Features of Replacement Processes 
This felsic vein type is typified by the continuous texture from the host gabbro 
to the felsic vein, but the mineral compositions are distinctive in the two 
lithologies. Figure 5 displays an example of olivine gabbro including calcic 
plagioclase (An58), clinopyroxene (Mg#84) and lesser amount of olivine. A branched 
felsic vein containing less calcic plagioclase (An13), amphibole and quartz can be 
observed in this sample. Modal abundances of plagioclase and amphibole in vein 
are comparable to those of plagioclase and clinopyroxene in the host gabbro.  
 
Figure 5. Host olivine gabbro and felsic rock with features of replacement, core 
66R5,1-7cm. (a) Phases X-ray mapping image; notice the textural continuity from 
the host rock to the felsic vein; (b) Chemical profile across felsic vein. (c) Coarse 
grains of calcic plagioclase (CPL) was converted partially to less calcic plagioclase 
(LCP). (d) Semi-quantitative chemical profile of plagioclase shown in (c). 
In this felsic vein type, many plagioclases display the continuity of albite twins 
from the host rock passing through the felsic portion, and continue developing to 
the other side belong to the host gabbro even though the anorthite contents are 
completely different (Figures 5. b-d; 6). Plagioclases containing albite twins 
subparallel-parallel to the reaction interfaces are also observed. It is confirmed that 
these twinning continuities cannot be formed by epitaxial growth commonly 
observed in a relatively large space already available. The boundary showing 




is commonly zigzag, and is likely controlled by the direction of the twin plane. Also, 
less calcic plagioclase micro-veinlets/ networks are observed (Figure 6. b, c).  
The brown amphiboles in this vein type always occur in contact with 
clinopyroxenes of the host gabbro along the vein boundaries, including 
plagioclases sometimes to preserve earlier sub-ophitic texture of the host gabbros 
(Figure 6. a). The continuous twinning of plagioclase and the preservation of the 
host texture, size and shape of parental phases strongly support a pseudomorphic 
replacement from the host rock. The pseudomorphs are distinguished feature of 
dissolution-reprecipitation mechanism commonly observed in metamorphic rocks 
which were discussed in details in (Putnis, 2002; Putnis, 2009; Putnis and 
Austrheim, 2013; Putnis and John, 2010; Putnis and Putnis, 2007; Ruiz-Agudo et al., 
2014), and/or melt-rock reaction observed in (Lissenberg and MacLeod, 2016). 
 
Figure 6. Replacement textures along felsic vein boundaries - Hole U1473A. (a, 
b) core 66R5, 1-7cm; clinopyroxene and calcic plagioclase were partially converted 
to brown amphibole and less calcic plagioclase, respectively. (c, d) core 66R4, 46-
49cm; reaction interface and the replacement of plagioclase. CPL: Calcic 





There are no traces of relic olivine or orthopyroxene presenting in these samples, 
however, the appearance of quartz, red Fe-bearing and Mg-rich (MgO = 20-25%) 
micro-grained phases can be observed. Interestingly, the quartz and Mg-bearing 
phases appear in the felsic vein with an equivalent proportion, size, and shape 
compared to those of the olivine in the host gabbro (Tables 1, 2, and 4; Figure 7). 
 
Figure 7. BSE images of felsic-quartz and a comparison with host-olivine 
alteration, sample 66R5, 1-7cm. (a, b, c) Quartz in felsic vein. (d) Host olivine 
alteration texture. CPL: Calcic plagioclase. LCP: Less calcic plagioclase. Cpx: 
Clinopyroxene. Q: Quartz. Cal: calcite. Fe-am: Red Fe-bearing phase. Mg-am: 
Mg-rich phase. Tre: Tremolite. Sap: Saponite. Amp: Brown amphibole. Ol: 
Olivine. Srp: Serpentine. Chl: Chlorite. Tlc: Talc. Ox: Fe-oxide. 
c. Vein-D/ Felsic Rocks with Diffuse Boundaries 
Felsic rocks with diffuse boundaries show the ambiguous texture of felsic and 
host portions in thin section scale although they are whitish in the core (Core 85R3, 
83-90cm). Elemental images taken from X-ray mapping demonstrate that the 
sample comprises two lithologies with different mineral assemblages. The host 
oxide bearing gabbro was intruded by an irregular-curved network felsic vein. 
Two populations of plagioclase belong to the host gabbro and felsic rock can be 
observed. Lower calcic plagioclase, with apatite and Fe-Ti oxides abundances are 




compositions of plagioclase in the two domains is not large enough to distinguish 
easily under microscope, around about 10 mol% (average of An41 and An31 in the 
host and the vein, respectively). Moreover, plagioclases in the host gabbro often 
show strong zonation, in which the plagioclase rim compositions in the host rock 
are at the same levels as those of plagioclase cores composition in the felsic rock, 
making a lot of difficulties in distinguishing the felsic part.  
 
Figure 8. Host oxide bearing gabbro and felsic rock with diffuse boundaries, core 
85R3, 83-90cm. (a) Core scanned photo. (b, c, d) Elemental and phases X-ray 
mapping images. (e, f) Photomicrographs taken at the vein boundaries. CPL: 
Calcic plagioclase. LCP: Less calcic plagioclase. Cpx: Clinopyroxene. Ap: Apatite. 
Ox: Fe-Ti oxide. Zrn: Zircon. H: Host rock. F: Felsic portion. 
Because of many overlaps in the occurrence and composition of minerals in 
different vein types, the summary features of minerals in those veins is given in 






Table 4. Summary of the studied felsic vein types and mineral characteristics - Hole U1473A. 
Mineral 
Felsic vein types 




weak-strong zonation,  
An (mol%): 3-40  
Fine-medium grained, 
same size with host 
plagioclase, sub-euhedral, 
An (mol%): 20-35 
Continuous twinning from 
plagioclase in the host 
gabbros, 






TiO2 (wt%): 1-3.5  
SiO2 (wt%): 43-52  
Fine grained, 
sub-euhedral, brownish; 
TiO2 (wt%): 1-1.5  
SiO2 (wt%): 48-50 
Continuity from the 
clinopyroxene in the host 
gabbro, anhedral-subhedral; 
TiO2 (wt%): 1-2  
SiO2 (wt%): 47-53 
Orthopyroxene 
Few grains appear 
along the boundaries 
of some felsic veins 
Subhedral-euhedral, 
relative abundance along 




interstitial fine grains 
aggregate 
- 
Same size, shape and modal% 
as those of the olivine in the 
host olivine gabbro 
Zircon 
Up to 3 (modal%) 
total REE (ppm):  
900-2200 
Rare, very few grains can 
be observed 
Few grains are observed, 
total REE (ppm):  
6200-11200 
Apatite 
Up to >10 (modal%) in both 2 felsic vein types; 
subhedral-euhedral, rounded fine grains,  
or anhedral exsolved in plagioclase;  
intimately associated with Fe-Ti oxides  
- 
Fe-Ti oxides 
Up to 15 (modal%) in both 2 felsic vein types, 
including ilmenite and Ti-magnetite  
relatively pure, homogeneous compositions 
Lesser abundances,  
1-2 (modal%) 
3.2.2. General Description of Vein Mineralogy  
Plagioclase is the dominant phase in all felsic veins, modal proportions vary from 
45 to 75 vol% with various grain sizes (coarse- to fine- grained) in thin sections. Most 
of plagioclases in vein are subhedral to euhedral showing strong zonation. Two 
populations of plagioclase can be observed in the felsic veins, in which coarse- to fine-
grained with strong zoning crystals (Figure 9. a, c, d) are present in all of the veins. 
Another occurrence of plagioclase is the intergrowths with quartz (quartz blebs up to 
2 mm long), forming myrmekitic texture (Figure 9. f) in some thin sections. Pure 
micro-grains (30-120 µm) of K-feldspars also occur in most of the veins as interstitial 
trace phases (<<1%), typically between plagioclase grains and/or opaque minerals. 
The amphibole is the second most abundance phase in veins. In the felsic veins 
with sharp boundaries and felsic vein with diffuse boundaries, it is easy to find 
discrete medium- to fine- grained of subhedral to euhedral brown amphibole. On 




amphiboles are intimately associated to the clinopyroxene of the host rocks. On the 
basis of their appearances, colors, and the relation to the clinopyroxene in the host 
rocks, the amphiboles in veins can be divided into 3 types: (1) discrete subhedral to 
euhedral grains of brown amphibole in veins (Figure 9. a, e); (2) brown amphibole 
replacing/growing on related to the consumption of clinopyroxene in the host 
gabbro along the vein boundaries (Figure 6. a), and (3) actinolitic greenish-colorless 
amphibole. 
The abundances of quartz are noticeable in some felsic veins, ranging from 3 
up to 25 modal%. They are present in veins in two types: (1) intergrowth with sodic 
plagioclases forming myrmekitic texture (quartz blebs up to 2mm); and (2) as 
interstitially tiny grains with irregular shapes and sizes, ranging from 0.1 to 0.5 
mm (Figure 9. e, f). It is also common to observe quartz in optical continuity 
aggregates, forming larger grains (up to 3 mm).  
Opaque minerals containing ilmenite and Ti-magnetite are present in all felsic 
rocks with significant quantities (up to 15 vol%). They often occur interstitially 
among coarse- to medium grained of plagioclases and/or locally concentrate along 
the boundary of some felsic veins.  
The apatite occur significantly in most of the veins (Table 2) in 3 types: (1) discrete 
euhedral-subhedral crystals, (2) aggregate of rounded micro-grains (10-50 µm) at the 
boundary of coarse- to medium- grained of plagioclases, and (3) irregular shapes, 
exsolved in plagioclase and/or aggregate along grain boundaries of plagioclase and 
Fe-Ti oxides (Figure 9. a, b; Figure 11. d, e). It is noteworthy that the appearances of 
apatite in veins are usually associated with the occurrences of Fe-Ti oxides.  
Zircons are often present as euhedral crystals (~0.1-0.6 mm) in most of the veins 
as accessory mineral. Their occurrences in vein have an intimate association with Fe-
Ti oxides and apatite, and locally high abundances in some veins (up to 3-4 vol%);  
The biotite grains exhibit in veins as accessory mineral, and often show strong 
pleochroism, yellowish brown and dark-brown in color. They are single interstitial 
phases occurring at rim of plagioclase grains and brown amphiboles, and are 
typically associated with Fe-Ti oxides. 
Orthopyroxene appears in some felsic veins, especially in samples which do 
not contain quartz, in form of anhedral-subhedral fine- to medium- grains. They 
occur mainly along the vein boundaries, making up a significant amount (7 vol%) 





Figure 9. Representative photomicrographs of felsic veins Hole U1473A. (a-b) 
Core 41R2,26-31cm; notice the abundance of Fe-Ti oxide, zircon, apatite and the 
intergrowth of apatite and plagioclase. (c-d) Core 68R4, 121-124cm; more evolved 
fine grains of plagioclase aggregate along the boundary of coarser. (e) Core 64R2, 
128-133cm; interstitial quartz in the center of the felsic vein. (f) Core 41R3, 73-
76cm; the myrmekitic texture of quartz and plagioclase. Amp: Amphibole. CPL: 
Calcic plagioclase. LCP: Less calcic plagioclase. Ox: Fe-Ti oxide. Q: Quartz. Ap: 
Apatite. Zrn: Zircon. 
3.3. Fe-Ti Oxide Gabbros (Fe-Ti oxides > 2%) 
Oxide gabbros are generally composed of greater than 5% Fe-Ti oxides in the 




contain prefix “oxide bearing- “). It is important to note that Fe-Ti oxides occur in 
both undeformed and deformed gabbros, however, most of the oxide gabbros (>5% 
oxides) show strong effects of deformation and/or related to the shear zones. To 
highlight magmatic feature of Fe-Ti oxides and the gabbros, I have focused on 
samples show the least effects of alteration. 
In addition to the Fe-Ti oxides, the gabbros are often medium- to coarse-grained, 
containing plagioclase (anorthite contents from 30 to around 45 mol%) and 
clinopyroxene are dominant phases. If olivine or orthopyroxene exhibits in the oxide 
gabbros with significant amounts (>5 vol%), rocks name will be modified to oxide 
(olivine) gabbro(norite)s. Accessory minerals include apatite, sulfide, and brown 
amphibole. Zircon rarely present as trace mineral in the studied oxide gabbro 
samples. 
Plagioclase abundances are generally lower in oxide gabbros than in the 
gabbros and felsic veins, ranging from 10 to 45 modal%, rarely up to 50-60 modal% 
in thin sections. Most of grains are anhedral with lobate boundaries, especially in 
contact with the Fe-Ti oxides. It is very important to note that plagioclases often 
show the dissolution textures such as highly corroded, embayed relics in Fe-Ti 
oxides (Figure 10. a-c, e-f). 
Plagioclase laths are often undergone strong effects of deformation, displaying 
bent, kinked twinning, and undulose extinction. It is common to observe primary 
crystals were partially replaced by smaller grains, possibly caused by compaction 
and/or recrystallization. Also, it is easy to find single elongated plagioclase grains 
with very high aspect ratios (>>5:1), and are up to >20 mm long occurring in these 
oxide gabbros. The arrangement of elongated plagioclase, olivine and the occurrence 
of Fe-Ti oxides often define the foliation of the rocks.  
The abundances of clinopyroxene vary widely from 5-70 modal% in studied 
samples. They are often fine- to medium grained, subhedral to anhedral crystals in 
most of the thin sections. However, in some pegmatitic gabbros, clinopyroxene 
grains are up to >30mm in long dimension. The morphology of clinopyroxene is 
more complicated, and in some cases has irregular curved boundaries. Many 
grains were fractured, rotated, and cemented by Fe-Ti oxides (Figure 10. c). In these 
rocks, clinopyroxene generally contains inclusions of opaque minerals (Fe-Ti 
oxides and sulfide), apatite and plagioclase. The texture of clinopyroxene rimmed 




oxides. Recrystallization and/or dissolution textures of clinopyroxene are also 
found in some thin sections. 
Orthopyroxenes are major phase in some oxide gabbronorites, their 
proportions range from 2-30 modal%. They are often subhedral to anhedral, and 
exhibit in the rocks in 2 types: (1) fine-medium grains included in coarser 
clinopyroxenes and (2) discrete medium- to coarse grains associated with Fe-Ti 
oxides. Again, the dissolution textures and the embayment of relics orthopyroxene 
in Fe-Ti oxides background are commonly observed (Figure 10. c). 
Olivine is present in some oxide olivine gabbros with significant amounts (5-
17%). They are often anhedral tabular- to elongated with the longest grains 
measured up to >17 mm. Texture of small grains with various extinctions observed 
at rims of the larger olivine are similar to those also found with plagioclase and 
clinopyroxene. Olivine with sub-grain boundaries and/or kinked bands are 
commonly recorded. Interestingly, the intergrowth of olivine and later opaque 
minerals were also found in some thin sections, forming pseudomorphic 
symplextic texture (Figure 10. d). 
Fe-Ti oxides make up to 3-30 modal% in the gabbroic rocks including mainly Ti-
magnetite and ilmenite, in which the Ti-magnetite are usually present as 
predominant phase. They have various occurrences, including (1) interstitial phases, 
(2) discrete relatively large grains, and as (3) inclusions in clinopyroxene, plagioclase 
and orthopyroxene.  
The interstitial Fe-Ti oxides often have irregular sizes and shapes. They might 
occur as single phases of either Ti-magnetite or ilmenite, and as the aggregates of 
both minerals which emplaced interstitially relative to plagioclase and/or 
clinopyroxene in the oxide bearing gabbros.  
On the contrary, in oxide gabbros (>5% oxides), Fe-Ti oxides often appear as 
large grains and/ or inclusions in clinopyroxene, orthopyroxene and plagioclase. 
In case of inclusions, Fe-Ti oxides are generally rounded, subhedral to anhedral, 
with grain sizes around <0.1-0.4 mm. Separate grains of ilmenite and Ti-magnetite 
occurring as single phases, and/or as two phases co-precipitation (Figure 11) are 
the most common in oxide gabbros (>5% Fe-Ti oxide). They also have various sizes 
and shapes, ranging from <0.1 mm up to >2 mm long. It is likely that the grains size 
of Fe-Ti oxides are proportional to their modal abundances in the rocks. The 
boundaries between ilmenite and Ti-magnetite are variable, ranging from planar, 




oxides in the felsic rocks (Figure 11. d), triple junctions at around 120˚ are also 
found in oxide gabbros as unambiguous evidence for equilibrium boundaries of 
the two phases.  
 
Figure 10. Representative photomicrographs of oxide gabbros Hole U1473A. (a-
b) Core 11R2, 29-31cm; amphibole and Fe-Ti oxides occur along shear zone. (c-f) 
embayment and dissolution of silicate minerals related to the occurrences of Fe-Ti 
oxides and apatite. (c) Core 10R1, 60-64cm. (d) Core 83R7, 36-41cm; intergrowth 
of olivine and later opaque phases. (e) Core 83R1, 10-13cm. (f) Core 83R9, 64-
69cm. Amp: Amphibole. Cpx: clinopyroxene. Ol: Olivine. Opx: Orthopyroxene. 




The apatite occurs with significant amount in some oxide gabbros, and reaches 
a maximum of 10 vol% (Table 3) in 2 types: (1) discrete large (1-6 mm) euhedral-
anhedral crystals, or in the form of needle sometimes; (2) anhedral fine grains (<0.1-
1 mm) appear along the shear zones. Compared to the felsic rocks, the intimate 
associations of apatite and Fe-Ti oxides are also recorded in the oxide gabbros. 
Brown amphiboles are accessory phase in oxide gabbros, presenting as 
anhedral to euhedral fine- medium grains, dark brown in most of cases. Their 
occurrences are typically associated with Fe-Ti oxides, and are replacing or growing 
at the expense of plagioclase and clinopyroxene (Figure 10. b).  
 
Figure 11. Photomicrographs of opaque minerals in oxide gabbros (a-c) and 
compared to those in the felsic veins (d-e) Hole U1473A. (a) Core 11R2,29-31cm. 
(b) Core 68R6, 58-61cm. (c) Core 81R3, 38-43cm; Sulfides in oxide gabbro. (d-e) 
Core 41R2, 26-31cm; elemental X-ray mapping images of oxides-apatite rich 
portion in felsic vein. Amp: Amphibole. LCP: Less calcic plagioclase. Ti-Mag: Titan-
magnetite. Il: Ilmenite. Ap: Apatite. Chal: Chalcopyrite. Py: Pyrite. Po: Pyrrhotite. 
Sulfide minerals in the oxide gabbros include mainly anhedral crystals of 
pyrite, pyrrhotite, and chalcopyrite. They often occur as: (1) fine grains with 




droplets/ inclusions containing both phases in clinopyroxene or orthopyroxene 
(Figure 11. a-c).  
Biotites often occur in oxide gabbros as accessory mineral, with anhedral 
crystals, and dark-brown in color. It is commonly observed biotite grains develop 
interstitially at rim of clinopyroxene and plagioclase, especially when in contact 
with Fe-Ti oxides (Figure 10. e). 
4. Mineral Major, Minor and Trace Compositions, and Comparisons with 
Data from ODP-Hole 735B 
4.1. Analytical methods 
The distribution of elements of the entire thin section for studies samples was 
mapped by a micro X-ray fluorescence machine (M4-Tornado, Bruker) at GSJ-Lab, 
Geological Survey of Japan, National Institute of Advanced Industrial Science and 
Technology. The condition was applied during measurements are 50 kV, 600 μA 
using a 25 μm beam spot size, 20 μm x 20 μm in 1-pixel size and 1 millisecond per 
pixel measure time. After that, by using an open software-ImageJ (Schneider et al., 
2012), separate elemental images (including mainly Si, Fe, Ca, Mg, Al, and Ti) were 
combined to make phases image for all samples. 
Major and minor element compositions of minerals were obtained by an 
electron microprobe analyzer (EPMA) with a JEOL JXA-8800 system at Kanazawa 
University, using ZAF correction software. The analyses were conducted using an 
accelerating voltage of 20 kV with a beam current of 20 nA and 3 μm diameter; X-
ray peaks and backgrounds of elements were analyzed for 20 and 10 seconds, 
respectively; except for Ni (30 and 15 seconds). Natural and synthetic mineral 
standards were used to calibrate all elements. Ferric iron contents in two pyroxenes 
were estimated from the analyses following the method proposed by Droop in 
(Droop, 1987). Summary of major and minor element compositions of minerals are 
presented in Table 1, 2, 3 and 4. 
Major and trace element compositions of quartz (SiO2, Ti, K, Al and Fe) were 
analyzed with EPMA by applying method proposed by Müller in (Müller et al., 
2003). In order to get data precisely, the analytical conditions were 20 kV and a 
beam current of 80 nA, using a beam diameter of 5 µm, and counting times of 20 s 





Trace element compositions including rare earth elements (REEs) of zircons 
were analyzed by LA-ICP-MS (MicroLas GeoLas Q-plus 193nm ArF excimer laser 
system and Agilent 7500s) at Kanazawa University (Morishita et al., 2005). Each 
analysis was performed by single spot ablation of 40µm diameter at 5Hz repetition 
rate with an energy density of 8 J/cm2 per pulse. Signal integration times were 50 
seconds for a background interval and 50 seconds for a laser ablation interval 
corresponding to 250 pulse shots. The NIST 610 was used as an external reference 
material and 2-5 target positions of unknown samples were analyzed between 2 
reference material analyses through the analytical sequence. NIST 612 was also 
measured with samples for quality control of each measurement session.  
Trace and REE element concentrations of other minerals were analyzed at 6Hz 
and 8 J/cm2 by ablating 60µm spot diameters for clinopyroxene, orthopyroxene, 
apatite, amphibole, and 100µm spot for plagioclase and olivine. NIST 612 was used 
as the primary calibration standard and was analyzed at the beginning and at the 
end of each batch consisting of n ≤ 7 unknown samples (including NIST 614 for 
controlling the quality of analyses), with a linear drift correction applied between 
each calibration. Signal integration times were 50 seconds for a background 
interval and 50 seconds for a laser ablation interval corresponding to 300 pulse 
shots. Data reduction was facilitated using 29Si as an internal standard element for 
almost minerals, except 42Ca for apatite. 
4.2. Results 
4.2.1. Olivine 
The olivine forsterite content (Fo=100 x Mg/Mg+Fe) in the olivine gabbros 
ranges from around Fo80 - Fo70, locally decreases to Fo65 - Fo60 in the more deformed 
samples. In oxide olivine gabbro(norites), the forsterite contents show 
systematically lower than those of the olivine gabbros, ranging from Fo65 - Fo55. The 
compositions of the olivine often show relatively homogeneous in individual 
grains and even in single thin sections (Table 1, 3).  
In Figure 12. b, olivine forsterite contents plotted versus MnO concentrations, 
the diagram roughly show the differentiation trend form olivine gabbro to oxide 
olivine gabbro(norite). Whereas, the Ni concentrations are very low in all of 
analyses, just around the detection limit of EPMA (0.05 - 0.1 NiO wt%), and are 
equivalent to 566-751 ppm taken from LA-ICP-MS. The compositions of the olivine 





Figure 12. Major-minor compositions of the olivine Hole U1473A and 
comparisons with data from Hole 735B (Dick et al., 2002). Olivine forsterite 
contents plotted versus (a) NiO and (b) MnO (in wt%). D.L: Detection limit.  
4.2.2. Clinopyroxene  
The clinopyroxene Mg# (Mg#=100 x Mg/Mg+Fe2+) ranges from 93 in olivine 
gabbro to around 65 in oxide gabbro. There are a lot of overlaps in compositions of 
clinopyroxene in different rock types, in which the compositions of clinopyroxene 
in the olivine gabbros cover almost the range of the entire data set. The chemical 
variation of clinopyroxenes from the cores and the rims were also carefully 
examined by EPMA. Results show that the differences are generally 1-3 in fine- to 
medium grains, rarely up to 6. Occasionally in pegmatitic grains, the values might 
decrease around 15 from those of the cores (Core 71R, 51-55cm) when in contact with 
the Fe-Ti oxides seam. 
As shown in Figure 13 is the differentiation trend of minor elements (Ti, Al, Na 
and Mn) correlated to decreasing Mg# of clinopyroxene from troctolitic olivine 
gabbros to oxide gabbros. The compositions of clinopyroxene in hole U1473A 
show steady decreases of Ti and Al, but increase in MnO which are consistent with 
the results from Hole 735B (Dick et al., 2002). The sodium contents do not vary 
much, however, clinopyroxene containing higher Na2O contents can be found near 
by the felsic veins (Figure 13. c).  
 It is important to note that clinopyroxene with very high Mg# (up to around 
90) occurs in some of oxide (bearing) gabbros. This feature coupled with the 



























Olivine-forsterite Mg x 100/(Mg+Fe*) (mol%)
Hole 735B
Olivine Gabbro





in oxide gabbros suggest that Fe-Ti oxides might have emplaced in the gabbros 
from different and later magmatic stages. 
 
Figure 13. Major-minor compositions of clinopyroxene Hole U1473A. (a) Mg# 
versus TiO2. (b) Mg# versus Al2O3. (c) Mg# versus Na2O. (d) Mg# versus MnO. 
I carefully examined the variations in trace-REE element compositions of 
clinopyroxenes from cores to rims in 10 representative thin sections, including 7 
gabbros hosting 3 types of felsic rocks (Mg# = 70-90), and 3 oxide gabbros (consisting 
of 7 domain lithologies, Mg# = 70-80) (Tables 1, 3); results are presented in Figure 14.  
Overall, the traces and REE compositions of clinopyroxene roughly define the 
differentiation trend of the parental MORB from olivine gabbros to oxide gabbros. 
All chondrite-normalized patterns of clinopyroxenes are parallel and increase 
steadily, reaching a maximum at around 300 times enriched relative to the 
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noteworthy that the maximum trace-REE concentrations of clinopyroxene are 
equivalent to those of the brown amphibole in felsic veins, and are much higher 
than those of brown amphibole in the (olivine) gabbros and oxide (-bearing) 
(olivine) gabbro(-norite). 
As shown in Figure 14, clinopyroxenes in all samples are depleted in light 
REEs compared to middle and heavy REEs, with (La/Sm)N = 0.08-0.67 and (La/Yb)N 
= 0.08-0.75. Various levels of negative anomalies, including Eu, Sr, Y and high field 
strength elements (HFSE: Zr, Hf, Ti), are typical characteristic of clinopyroxenes in 
Hole U1473A. The Eu anomalies were estimated by (Eu/Eu*)N, with Eu* is given 
by 𝐸𝑢 ∗ = √(𝑆𝑚 ⨯  𝐺𝑑)𝑁, ranging from 0.99-0.33. 
The most striking feature is that the trace-REE concentrations of 
clinopyroxenes in all oxide (bearing) gabbro(norite)s have wide ranges of 
variation. Whereas, the compositions of clinopyroxene in the (olivine) gabbros are 
relatively low and less variable. The compositions of clinopyroxene in oxide 
gabbros (>5% oxides) are relatively homogeneous in single grains as well as in the 
entire thin section, and are much higher than those in the gabbros which do not 
contain Fe-Ti oxides. On the contrary, the trace-REE compositions of 
clinopyroxenes in the oxide bearing gabbros (2-5% oxides) show very much 
heterogenous models, even in single grains. The cores of relatively coarser grains 
usually have as primitive compositions as those of the gabbros (oxides free), but 
the rims compositions are much higher (as of clinopyroxene in oxide gabbros), 
especially when in contact with the Fe-Ti oxides.  
It is important to note that these characteristics of clinopyroxenes in oxide 
(bearing-) gabbros are somewhat similar to the features of clinopyroxenes in 
contact with felsic veins, and are typical examples for evolved melts-rock reaction 






Figure 14. Chondrite-normalized trace (a) and REE (b) abundances of clino-
pyroxene in the gabbros hosting felsic veins and in oxide gabbros Hole U1473A. 
Normalizing values are from (McDonough and Sun, 1995). 
4.2.3. Plagioclase  
The compositions of plagioclase range from around An70 in (olivine) gabbros 
to An30 in oxide gabbros, with An = 100 x Ca/(Ca+Na+K). Whereas, it varies from 
An2 - An39 in the felsic veins. The plagioclase in veins often shows strong normal 
zoning patterns, having cores of oligoclase-andesine and rims of albite-oligoclase. 
Two different varieties of plagioclase are observed in some felsic veins, in which 
low-An plagioclases (An5-An10) of fine grains appear along the boundaries of 
higher-An plagioclase (An30-An39) coarser grains. Exsolution lamellae (20-50 µm) 
of Fe-Ti rich phases in plagioclase with An= 20-30 are commonly observed. 
Figure 15 displays the relationship between plagioclase anorthite and total iron 
oxide (FeO* wt%) and orthoclase contents of Hole U1473A, and are compared with 
data from Hole 735B in (Dick et al., 2002). In order to exclude the effects of sub-
solidus reaction and hydrothermal alteration, only data from the cores are plotted. 
Some pure K-felspar analyses in felsic rocks are not displayed in the graph. 
Overall, the figure roughly shows the differentiation trend of the parental 
MORB. There are a lot of overlaps in the plagioclase compositions in different rock 
types, in which compositions of plagioclase in the olivine gabbros cover almost the 
variation range of the entire gabbroic sequence. Another overlap is found at 
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Figure 15. Plagioclase anorthite content plotted versus (a) FeO* (total iron oxide, 
wt%), and (b) Orthoclase content (mol%). Data from the cores only. Green arrows 
roughly show differentiation trends of the parental MORB. 
The potassium contents steadily increase from olivine gabbro (An70) toward 
the felsic rocks (An <10). It is worth mentioning that some euhedral-subhedral, 
rounded, fine grains of plagioclase appear at the boundaries of coarser grains 
mentioned above have very low K2O contents. Whereas, there is a slight increase 
in total iron contents in plagioclase to felsic veins at around An20, suddenly 
decrease towards K-feldspar, indicating that Fe-Ti oxide appear very late on the 
liquidus. This feature coupled with the dissolution and embayment textures of 
silicate phases by Fe-Ti oxides observed in oxide gabbros (Figure 10) suggest that 
the Fe-Ti oxides are in equilibrium with and/or simply crystallized from the highly 
evolved felsic Fe-Ti saturated melts. 
In order to highlight characteristics of the evolved felsic melts and effects of 
melts-rock interaction, I picked up 6 representative (olivine) gabbros containing 2 
types of felsic rocks (Vein-S and Vein-R) to examine the trace-REE compositions of 
plagioclase. Results are depicted in Figure 16. 
In both gabbros and felsic rocks, the plagioclases trace-REE patterns show 
strong positive Eu and Ba anomalies. The Eu anomalies were calculated as 
(Eu/Eu*)N with Eu* is given by 𝐸𝑢 ∗ = √(𝑆𝑚 ⨯  𝐺𝑑)𝑁, range from 8.39 - 41.98. 
However, the plagioclases in veins can be distinguished by the opposite Ti 
anomalies compared to those in the host gabbros. The higher trace-REE 
abundances (up to more than one order of magnitude), and the flat patterns to 
negative Sr anomalies at various levels relative to neighboring REEs are also 
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In samples containing felsic Vein-S, the interaction between evolved felsic 
melts and the host minerals is minimal, occur only at the boundaries when in 
contact with the veins. Whereas, plagioclases in felsic Vein-R have the highest 
trace-REE abundances and show similar chondrite-normalized patterns as those of 
the Vein-S. 
 
Figure 16. Chondrite-normalized trace (a) and REE (b) abundances of plagioclase 
in the host gabbros and felsic veins - Hole U1473A. 
4.2.4. Orthopyroxene 
The compositions of orthopyroxene can be classified into 2 different groups 
corresponding to their occurrences: (1) Thin selvages in olivine gabbros with higher 
Mg# (Mg#=100 x Mg/Mg+Fe2+), ranging from around 80-70, and (2) discrete grains 
of subhedral-anhedral orthopyroxene with lower Mg#, decreasing to 70-55 in oxide 
(bearing) gabbros and felsic rocks (Figure 17). The chemical compositions of 
orthopyroxene are relatively homogeneous in single grains and even in single thin 
sections. The differences from cores to rims and even in the entire thin section are 
generally 1-3, reaching maximum of 6-8 in a few samples containing oxides seam. 
There are excellent correlations between Mg# of orthopyroxene and their Al, 
Mn oxide contents from olivine gabbros to oxide gabbros and felsic rocks. 
Whereas, both Ti and Ca concentrations of orthopyroxene in hole U1473A increase 
significantly in olivine gabbros towards Mg#70, then steadily decrease from oxide 
bearing (olivine) gabbronorite to felsic rocks. These trends are completely 








































Figure 17. Major-minor compositions of orthopyroxene Hole U1473A. (a) Mg# 
versus TiO2. (b) Mg# versus Al2O3. (c) Mg# versus CaO. (d) Mg# versus MnO. 
I analyzed the trace-REE element compositions of orthopyroxenes from cores 
to rims in 2 representative felsic rocks (Vein-S: Core 68R4, 121-124 cm, and Vein-
D: Core 85R3, 83-90 cm) (Mg# = 53-64), and 2 oxide (bearing) (olivine) 
gabbronorites including 4 domain lithologies (Mg# = 67-70). Results are compared 
with those data of some orthopyroxene in form of thin selvages in the olivine 
gabbros hosting felsic rocks (Tables 2, 3), and are shown in Figure 18.  
Overall, all orthopyroxenes show steep slope patterns towards Lu (Figure 18), 
which characterized by (Lu/Ce)N = 30-148, with strong Sr and Eu negative 
anomalies. The Eu anomalies were estimated by (Eu/Eu*)N, with Eu* is given 
by 𝐸𝑢 ∗ = √(𝑆𝑚 ⨯  𝐺𝑑)𝑁, ranging from 0.86-0.29. The orthopyroxenes in form of 
thin selvages in olivine gabbros are typified by the lowest trace-REE concentrations 
and strong HFSE (Zr, Hf, and Ti) positive anomalies. On the contrary, the highest 
concentrations with strong HFSE negative anomalies are features of 
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Figure 18. Chondrite-normalized trace (a) and REE (b) abundances of 
orthopyroxene in the felsic veins, gabbros hosting felsic rocks and oxide gabbros 
Hole U1473A. 
Orthopyroxenes in oxide (bearing) (olivine) gabbronorites have intermediate 
compositions, reach a maximum as high concentration as those in the felsic vein. 
All orthopyroxenes show relatively homogeneous compositions in single grains 
and even in the entire domain lithologies. The Zr and Hf positive anomalies are 
visible in all analyses suggest that zircon did not fractionate in oxide gabbros, 
however, Ti shows unusual behaviors. Most of the orthopyroxenes show negative 
Ti anomalies but the positive anomalies are also visible from some grains in oxide 
bearing olivine gabbronorite. Considering again the dissolution and embayment 
textures of orthopyroxene by the Fe-Ti oxides in the oxide (bearing) gabbronorites 
(Figure 10), the patterns with positive Ti anomalies might reflect the primary 
feature of the orthopyroxenes. And thus, other patterns have already modified by 
the reactive Fe-Ti saturated melts.  
4.2.5. Amphibole 
As described in detail in previous sections, the amphibole in Hole U1473A can 
be divided into 6 categories: (1) brown amphibole in form of thin selvages in 
olivine gabbros, (2) micro-blebs of brown amphibole in clinopyroxene in (olivine) 
gabbros, (3) brownish-dark brown of euhedral-subhedral amphibole in felsic veins 
(Vein-S and vein-D), (4) brown amphibole with the continuous texture from 
clinopyroxene of the host gabbros along the Vein-R boundaries, (5) anhedral - 
subhedral of dark brown amphibole in contact with oxides in the oxide gabbros, 








































The stoichiometry of amphiboles was calculated more precisely by applying 
new method proposed by Ridolphi in (Ridolfi et al., 2018). The results were used to 
classify the amphiboles following IMA classification scheme (Hawthorne et al., 
2012). Root names of amphiboles sub-group were obtained by using a spreadsheet 
prepared by Locock in (Locock, 2014). All amphiboles in Hole U1473A are calcic 
amphibole. The greenish-colorless amphiboles are actinolite and are plotted in the 
field of tremolite. Whereas, the brownish-dark brown amphiboles are magnesio-
hornblende, magnesio-ferri-hornblende, magnesio-hastingsite and Ti-rich magnesio 
-hastingsite, and are plotted in the fields of magnesio-hornblende and pargasite 
(Figure 19). 
 
Figure 19. Nomenclature of the amphiboles Hole U1473A. 
The diverse colors of the amphiboles Hole U1473A can be defined chemically 
based on the TiO2 and Al2O3 concentrations. If amphiboles contain TiO2 <0.5 wt% 
and Al2O3 <3wt%, they must be colorless-greenish amphibole. In case of brownish 
amphiboles, the compositions often consist of TiO2 = 0.5-1.5 wt% and Al2O3 = 3-6 
wt%. Whereas, the dark brown varieties are characterized by TiO2 >1.5 wt% and 
Al2O3 >6 wt%. It is common to observe amphibole in veins having the cores of 
brown-dark brown and their rims are greenish-colorless ones. 
The major-minor element compositions of amphiboles in Hole U1473A are 
displayed in Figure 20. Overall, there are very excellent correlations between Al2O3 
and TiO2, Na2O, SiO2 contents, and between their Mg# (60-75) and TiO2 contents of 
brown amphibole in felsic veins. However, these relationships could not be well 
observed from compositions of the brown amphibole in gabbros hosting felsic rocks, 



















C* sum: C(Al+Fe3++Mn3++Cr+2Ti)-WO 



























Figure 20. Major-minor element compositions of the amphiboles Hole U1473A. 
(a) Amphibole Mg# (100×Mg/(Mg+Fe2+) versus TiO2. (b) Al2O3 versus SiO2. (c) 
Al2O3 versus TiO2. (d) Al2O3 versus Na2O. Symbols are the same as those in 
Figure 19. 
The trace-REE compositions of the amphiboles in Hole U1473A are plotted and 
shown in Figure 21. The most striking feature is that the compositions of brown 
amphiboles in Hole U1473A have wide ranges of variation, covering the entire two 
orders of magnitude from 10 to 1000 times abundances relative to those of the 
chondrite. 
The brown amphiboles in felsic veins have greatest trace-REE abundances. The 
similar patterns with the offset lower trace-REE abundances are characteristics of 
greenish-colorless amphiboles rimming brown ones in veins. These suggest that 
the greenish-colorless amphiboles are hydrothermal alteration products after the 
brown amphiboles. All of the amphiboles in veins are typified by various levels of 









































































In addition, the brown amphiboles in veins have relatively high Nb 
abundances, with Nb/La ratios ranging from 0.39 to 1.26, are distinguished feature 
of magmatic amphiboles from hydrothermal ones in lower oceanic crust (Coogan 
et al., 2001). It is important to note that these greenish-colorless amphiboles in veins 
have much higher Nb/La ratios (0.86-16.59) than those calculated from their cores 
of brown amphiboles. Since Nb is rich in magmatic melts, but it is immobile 
element in hydrothermal processes, suggesting that hydrothermal fluids were 
present in the felsic veins after their formation.  
 
Figure 21. Chondrite-normalized trace (a) and REE (b) abundances of amphibole 
in the host gabbros and felsic veins - Hole U1473A. 
The trace-REE concentrations of brown amphiboles in gabbros hosting felsic 
veins are relatively low and homogeneous. The chondrite-normalized patterns are 
similar to those of clinopyroxene in olivine gabbros. Whereas, trace and REE 
elements of brown amphiboles in oxide gabbros have complicated behaviors, 
showing various levels of abundances. They may have relatively low trace-REE 
abundances as those of clinopyroxenes, showing strong positive Eu and HFS 
anomalies. On the other hand, they might also have very high trace-REE 
concentrations, displaying similar chondrite-normalized patterns to those of 
brown amphibole in veins. The Nb/La ratios of brown amphibole in gabbros 
hosting felsic rocks and in oxide gabbros are 0.46-7.11 and 0.25-2.47, respectively. 
4.2.6. Zircon 
Major compositions of zircons in felsic rocks of Hole U1473A are homogeneous 
in single grain from core to rim. The zircon SiO2 and ZrO2 concentrations range 
from 32.5 to 33.6 (wt%) and 60.6 to 63.2 (wt%), respectively. I selected thirteen 
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samples) to check their trace-REE compositions. Total REE contents vary from 932 
- 2195 ppm (Vein-S) up to 6234 - 11210 ppm (Vein-R). 
The zircons in studied felsic rocks are characterized by steep slope patterns 
from La to Lu, with strong positive Ce and weak negative Eu anomalies relative to 
neighboring REEs (Figure 22). The Ce anomaly was calculated as (Ce/Pr)N = 9-60, 
and the Eu anomaly was computed as Eu/Eu* = 0.16-0.41, in which Eu* is given by 
𝐸𝑢 ∗ = √(𝑆𝑚 ⨯  𝐺𝑑)𝑁 . In addition, the zircon trace-REE patterns remarkably 
increase from Gd to Lu, with (Lu/Gd)N ratio ranging from 19 to 32. These are 
completely consistent with data from Hole 735B. However, the zircon thorium and 
uranium show various levels of concentrations, displaying both positive and 
negative anomalies in the patterns, even in one thin sections.  
 
Figure 22. Chondrite-normalized (a) trace and (b) REE abundances of zircon in 
felsic veins - IODP Hole U1473A and a comparison with data of ODP Hole 735B, 
section 3-4, including 42 zircon analyses (Pietranik et al., 2017). 
The zircons in Hole U1473A have similar trace-REE patterns to those in ODP-
Hole 735B. It is important to note that a few data from 4 thin sections of Hole 
U1473A can cover the entire variation range of those from Hole 735B (section 3-4, 
below 500 mbsf). Pietranik proposed that these zircons are crystallization products 
of SiO2 rich melts which derived by fractional crystallization from the parental 
MORB at deeper sections of Hole 735B (Pietranik et al., 2017). 
4.2.7. Fe-Ti oxides 
The stoichiometry of Fe-Ti oxides were obtained by using the ILMAT 
spreadsheet prepared by Lepage in (Lepage, 2003), in which ferric iron contents 
were recalculated after the method proposed by Carmichael in (Carmichael, 1966). 






























average values which were calculated after 4 different methods in (Anderson, 1968; 
Carmichael, 1966; Lindsley, 1982; Stormer Jr, 1983). As shown in Figure 11, the Fe-
Ti oxides in both oxide gabbros and felsic rocks are homogeneous and always 
occur as separate grains in contact each other. The compositions range from 
Mag69Usp31 to Mag97Usp3 (Ti-magnetite) and from Hem19Il81 to Hem3Il97 (ilmenite), 
and are shown in Figure 23. 
   
Figure 23. Phases in system FeO-Fe2O3-TiO2, after (Buddington and Lindsley, 1964). 
Major and minor element compositions of Ti-magnetites and ilmenites in oxide 
gabbros in comparisons with those in felsic rocks are depicted in Figure 24. Overall, 
the compositions of Fe-Ti oxides in felsic veins show lesser variations than those 
in oxide gabbros. The chemical compositions of Ti-magnetites in both oxide 
gabbros and felsic rocks define rough positive correlations between MgO - Al2O3, 
and between their TiO2 - V2O3 contents; but no correlation between MgO - Cr2O3 
(Figure 24. a, b, c). The Ti-magnetites show systematically higher MgO, Al2O3, 
Cr2O3, and V2O3 concentrations in oxide gabbros than those in the felsic rocks. 
 The ilmenite MgO contents are also higher in oxide gabbros than those in 
felsic rocks (<0.2wt%); the Al2O3 concentrations are low, around detection limit of 
EPMA (Figure 24. d, e). However, a slight increase in MnO concentrations from 
oxide gabbros to felsic rocks can be observed. In addition, an excellent correlation 
between ilmenite TiO2 and V2O3, with bimodal decreasing V2O3 contents (include 
both oxide gabbro and felsic rocks) is clearly visible, probably caused by the 















Figure 24. Compositions of (a, b, c) Ti-magnetite and (d, e, f) Ilmenite in oxide 
gabbros and felsic veins Hole U1473A 
4.2.8. Apatite  
Major compositions (CaO and P2O5) of the apatite in felsic rocks and oxide 
gabbros Hole U1473A are uniform in single grains and even in single thin sections. 
The CaO and P2O5 concentrations in the entire analyses range from 52.24 to 54.79 
(wt%) and 39.8 to 41.99 (wt%), respectively. I picked up thirteen grains in three 
samples (Felsic Vein-D: 5 grains, oxide gabbronorite: 4 grains, and oxide rich 

































































































from 3,932 – 7,039 ppm in oxide gabbro(norite) up to 10,475 – 12,312 ppm (Felsic 
Vein-D).  
The chondrite-normalized trace-REE abundances of the apatites in both felsic 
rock and oxide gabbros are similar, with the greatest concentration in the felsic 
vein. All apatites are typified by slight decrease patterns from La to Lu with 
(La/Lu)N = 2.09-2.61, and strong negative Sr, Eu, and HFSE (Zr, Hf, and Ti) 
anomalies (Figure 25). It is interesting to note that the concentrations of Zr and Hf 
are very much heterogeneous even in sample scale, varying from around 0.4 up to 
10 times enriched relative to the chondrite. The Eu anomaly was computed as 
Eu/Eu* = 0.25-0.45, with Eu* is given by 𝐸𝑢 ∗ = √(𝑆𝑚 ⨯  𝐺𝑑)𝑁. The concentrations 
of thorium and uranium in all apatites respectively range from 0.95-3.22 ppm and 
0.55-1.79 ppm, with Th/U = 1.44-1.96. 
 
Figure 25. Chondrite-normalized (a) trace and (b) REE abundances of apatite in 
oxide gabbros and felsic veins - Hole U1473A 
4.2.9. Quartz  
The quartz in felsic rocks could be either crystallization product from hydrous 
SiO2 saturated melts or precipitation from hydrothermal fluids. In order to 
distinguish these different origins, I analyzed trace element compositions (including 
Ti, K, Fe, and Al) of quartz in 4 thin sections, in which one sample (Core 64R2, 110-
113 cm) contains quartz in the form of intergrowth with plagioclase (myrmekite). In 
other samples, the quartz occurs as interstitial (<0.2mm) phase (Core 64R2, 128-133 
cm) and/or forming relatively coarser grains (up to >1mm) in 2 felsic rocks with 
features of replacement processes (Core 66R5, 1-7 cm and core 66R4, 46-49 cm). Since 
the quartz in the myrmekite has been well known as magmatic product, their 
compositions were compared with those in other samples. It is pointed out that Ti 














































Ti present with a significant amounts in magmatic quartz, but it is at much lower 
abundances (generally <5ppm) in hydrothermal ones (Breiter et al., 2017; Jacamon 
and Larsen, 2009; Müller et al., 2003). 
Trace element compositions of quartz are shown in Figure 26. All quartz grains 
have relatively high Ti concentrations and significant amounts of K, ranging from 
30-130 ppm and 20-60 ppm, respectively. The abundances of Fe are variable in 
quartz, varying from below the detection limit up to around 180 ppm; Al 
concentrations are below detection limit of EPMA in all samples. The compositions 
of the interstitial quartz are similar to those in the myrmekite. 
 
Figure 26. Trace element abundances of quartz in felsic veins - Hole U1473A. 
5. Bulk rock Estimation  
To estimate the highly evolved felsic melt compositions and to highlight their 
magmatic features, as well as to quantify melts-rocks interaction, I calculated bulk 
rock compositions of felsic rocks and the gabbros hosting veins based on average 
mineral compositions and their modal proportions in thin sections, with assumed 
mineral densities. The summary of estimated bulk compositions of seven samples 
are shown in Table 5 and Figure 27. 
Results show that the compositions of felsic veins vary widely. The MgO and 
CaO concentrations are systematically lower in felsic veins than those in their host 
gabbros. Whereas, the Na2O, K2O contents are significantly higher in the felsic 
rocks (Figure 27. a, d-f). Except for one replacive felsic vein having MgO ≈ 6wt% 
(core 66R5, 1-7cm), the MgO content in other samples is <4 wt%.  
The FeO* and TiO2 concentrations are very high in veins, ranging from 10.4 to 




































the SiO2 contents vary widely from 40 to 70 wt% in veins, and are consistent with 
the abundances of Fe-Ti oxides and apatite observed in the felsic rocks (Table 2, 
Figure 27. b-c, g-h). It is important to note that these results strongly support for 
the proposal of very late crystallization of Fe-Ti oxides that observed oxide gabbros 
(Figure 10) and in plagioclase chemistry (Figure 15). 
The veins ASI (Alumina saturation index) ranges from 0.57 to 0.87, with 
calculated molar (Na2O+K2O) < Al2O3 < (CaO+ Na2O+K2O), and thus all felsic veins 
are metaluminous rocks (Winter, 2013). 
Table 5. Summary estimated dry bulk rock compositions (in wt%) of felsic veins and gabbros hosting 






































SiO2 52.0 40.9 53.3 62.4 50.3 50.4 53.4 70.5 50.8 63.7 53.3 49.4 51.3 40.1 
Al2O3 12.3 14.1 17.3 13.6 13.1 14.8 20.0 15.2 13.1 12.6 14.4 15.9 8.9 14.4 
TiO2 0.3 4.1 0.3 2.5 0.2 5.1 0.2 0.2 0.3 0.6 0.2 2.8 1.9 7.3 
FeO* 5.7 19.2 3.4 10.4 7.5 11.4 2.3 1.9 6.3 5.8 5.2 13.6 11.4 17.6 
MgO 11.8 2.1 6.8 1.3 13.6 3.6 5.6 1.9 13.3 5.8 11.8 3.2 8.4 1.4 
MnO 0.1 0.2 0.1 0.1 0.2 0.3 0.1 0.1 0.1 0.2 0.1 0.2 0.3 0.2 
CaO 15.5 8.4 15.7 3.9 12.9 5.6 15.1 3.7 13.9 5.5 12.5 7.1 15.2 9.4 
Na2O 2.3 4.5 3.1 5.2 2.2 5.2 3.4 6.4 2.2 5.5 2.4 5.6 2.6 4.9 
K2O - 0.4 - 0.1 - 0.3 - 0.2 - 0.3 - 0.1 0.1 0.2 
P2O5 - 2.9 - 0.5 - - - - - - - 2.2 - 4.2 
V2O3 - 0.2 - - - 0.3 - - - - - - - 0.4 
ZrO2 - 2.9 - - - 2.9 - - - - - - - - 
Total 100 100 100 100 100 100 100 100 100 100 100 100 100 100 
ρ 3.05 3.13 2.94 2.84 3.04 2.99 2.88 2.69 3.04 2.80 3.01 2.94 3.14 3.08 
ASI 0.39 0.61 0.51 0.86 0.48 0.78 0.61 0.87 0.46 0.65 0.54 0.72 0.28 0.57 
NBO/T 1.35  0.64  0.91  0.51  0.87  0.99  1.26 
Note: FeO*: Total iron oxide content; ρ: Bulk rocks density. NBO/T: Number of non-bridging 





Figure 27. Estimated bulk rock compositions (wt%) of the host gabbros and felsic 
rocks; (a-f) MgO versus Al2O3, SiO2, FeOtotal, TiO2, Na2O, and CaO, respectively; 
(g-h) SiO2 and TiO2 versus FeOtotal. Gray symbols are host gabbros connected with 






































































































6. Thermo-oxybarometric Estimation  
In order to estimate the formation condition felsic veins and oxide gabbros, I 
did estimate temperature, pressure and oxygen fugacity conditions based on 
chemical analyses of different minerals, such as two pyroxenes coexisting in oxide 
gabbronorite, brown amphibole and Fe-Ti oxides in both felsic veins and oxide 
gabbros, and quartz in the felsic rocks. 
Pyroxenes forming condition was estimated following 2 different methods: (1) 
based on major compositions of clinopyroxene in coexistence with orthopyroxene, 
using spreadsheet prepare by Putirka in (Putirka, 2008), and (2) using a REE in two 
pyroxenes thermometer (Liang et al., 2013). Interestingly, both two methods do not 
work with the pyroxenes in hole U1473A. In the first case, the calculations are 
failed in the first test for equilibrium due to the high errors in Fe-Mg coefficients 
exchange between the two phases. The other shows that REE concentrations of the 
pyroxenes are disequilibrium with their major compositions because of the 
extremely high REE contents, and are out of the calibration ranges of the program. 
These observations and associated with the dissolution textures of silicate minerals 
by Fe-Ti oxides strongly support for the re-equilibration processes between the 
earlier pyroxene cumulates and highly evolved Fe-Ti rich melts at a later stage 
forming oxide gabbros, in which the REE in pyroxenes perhaps come from the 
migrating melts.  
Temperature, pressure, and H2O content of melts forming amphiboles and 
oxygen fugacity conditions of the brown amphiboles in oxide gabbro and felsic rock 
were estimated by using approach of Ridolphi and his colleges, that equations 
primarily calibrated for calcic amphiboles in calc-alkaline and alkaline magmas, in 
(Ridolfi and Renzulli, 2012; Ridolfi et al., 2010). I selected 10 representative samples 
including felsic veins (N=6), and oxide gabbros (N=4) for the calculations, results are 
summarized in Table 6, and are plotted in Figure 28. 
Equilibrium temperature and oxygen fugacity of Fe-Ti oxides were computed 
based on chemical analyses of Ti-magnetite in co-existence with ilmenite, using 
spreadsheet prepared by Lepage in (Lepage, 2003). The geothermobarometer 
follows the method originally proposed by Spencer and Lindsley in (Spencer and 
Lindsley, 1981) with minor corrections in (Andersen, 1985). Estimated results of 16 
domain lithologies (including 5 felsic veins) are shown in combination with those 





Table 6. Summary estimated temperature, pressure, oxygen fugacity, and melt-H2O contents from 
brown amphibole in representative felsic veins and oxide gabbros Hole U1473A  

















1 Felsic vein 39R5, 23-28 cm 890 18 -11.5 0.2 0.5 5.2 0.4 208 33 








64R2, 128-133 cm 820 36 -12.4 0.5 1.1 4.5 0.3 125 26 
5 Felsic vein 68R4, 121-124 cm 745 12 -13.5 0.2 1.7 4.3 0.1 70 8 












81R3, 38-43 cm 917 23 -11.0 0.3 0.6 6.0 0.6 279 48 
10 
Oxide rich gabbro, 
un-deformed 
83R1, 10-13 cm 803 19 -12.0 0.2 1.8 3.9 0.2 82 19 
Note: FeO*: Ave.: Average; T: Temperature; S.D: Standard deviation (1σ); P: Pressure. 
As shown in Table 6 and Figure 28, the estimated temperature conditions of 
the brown amphibole are systematically lower in felsic veins than those in oxide 
gabbros, ranging from 750-900 0C, and 900-950 0C, respectively (except for a value 
of 800 0C from an un-deformed oxide rich gabbro). The similar model can be 
observed in calculated pressure results, average values are 70-200 MPa for felsic 
veins and 250-300 MPa (except for 80 MPa from an undeformed sample) for oxide 
gabbros varieties. Calculated oxygen fugacity for un-deformed samples ranges 
from buffers NNO+1 - NNO+2, and are more in reduced condition in deformed 
ones (NNO-NNO+1). Both melts forming amphibole in veins and in oxide gabbros 
are hydrous, with average calculated H2O contents vary from 4-6 wt% in the melts. 
In much the same way, the Fe-Ti oxides in felsic rocks and oxide gabbros can 




undeformed samples with higher oxygen fugacity buffers, and another is 
deformed samples (Figure 28). Both oxygen buffers and equilibrium temperatures 
estimated from two oxides coexisting are systematically lower than those 
calculated from brown amphibole. It is important to note that the oxygen buffers 
estimated from brown amphibole and 2 oxides are not much different in un-
deformed samples of both oxide gabbros and felsic rocks, although the differences 
in temperature condition are remarkable. 
  
Figure 28. Average temperature versus log fO2 of brown amphibole in oxide 
gabbros and felsic rocks, and are compared with those data from Fe-Ti oxides; 
symbols with connected line indicates estimated results from brown amphibole - 2 
oxides in the same sample. Bars are standard deviations.  
Crystallization temperature of quartz in felsic veins was calculated based on 
the Ti-in-quartz thermometer, which was initially known as TitaniQ thermometer, 
and has been re-calibrated more precisely in (Huang and Audétat, 2012). Pressure 
used in calculations is 1 Kbar, which derived from brown amphibole in 3 felsic 
veins estimated above. Results show that the quartz in felsic rocks hole U1473A 
has relatively high crystallization temperature (Table 7), ranging from around 540 
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Table 7. Summary estimated formation temperature of quartz in felsic veins Hole U1473A  

















1 64R2W_110-113_Q1 101.096 46 60 10 620 
644 610 677 34 
2 64R2W_110-113_Q2 99.635 37 102 7 677 
3 64R2W_110-113_Q3 99.992 33 96 10 670 




5 64R2W_128-133_Q1 99.223 54 132 119 707 
676 639 707 25 
6 64R2W_128-133_Q2 99.74 33 102 105 677 
7 64R2W_128-133_Q3 100.79 54 72 84 639 
8 64R2W_128-133_Q4 100.465 33 114 98 689 




10 66R4W_46-49_Q1 99.493 37 96 3 670 
651 598 670 25 
11 66R4W_46-49_Q2 101.351 50 48 14 598 
12 66R4W_46-49_Q3 101.012 50 96 0 670 
13 66R4W_46-49_Q4 101.012 50 78 77 647 
14 66R4W_46-49_Q5 99.097 33 78 14 647 
15 66R4W_46-49_Q6 99.047 29 90 63 663 




17 66R5W_1-7_Q1 98.903 42 66 31 630 
630 537 677 47 
18 66R5W_1-7_Q2 99.761 54 36 77 572 
19 66R5W_1-7_Q3 100.346 50 48 178 598 
20 66R5W_1-7_Q4 99.892 46 84 21 655 
21 66R5W_1-7_Q5 100.525 46 24 7 537 
22 66R5W_1-7_Q6 99.668 42 96 21 670 
23 66R5W_1-7_Q7 99.784 42 78 38 647 
24 66R5W_1-7_Q8 100.278 54 96 35 670 
25 66R5W_1-7_Q9 100.015 46 102 87 677 
26 66R5W_1-7_Q10 99.616 62 78 42 647 






7.1. Effects of Hydrothermal Activities on the Studied Felsic Rocks Hole 
U1473A 
There are some components of the felsic rocks might be modified by 
hydrothermal activities, such as: metasomatic amphibole after clinopyroxene, and 
the additional precipitation of quartz from hydrothermal fluids. I will discriminate 
between the magmatic and hydrothermal origins of the studied felsic rocks in this 
section.  
All the minerals in vein are characterized by the extreme enrichment at various 
levels of trace-REE concentrations. The trace-REE patterns of the plagioclase and 
brown amphibole in veins are similar to, but offset higher abundances than those 
in the host gabbros, up to 1-2 log units. These could only be explained by fractional 
crystallization (magmatic) model. 
However, as displayed in Figure 7. a-b, the magmatic brown amphibole was 
partially decomposed to secondary hydrothermal phases including clay materials, 
and green-colorless amphibole in some veins. These textures and associated with 
the occurrence of green-colorless amphibole having low trace-REE abundances are 
unambiguous evidence for the hydrothermal alteration of the felsic veins. 
As the concentrations of Nb are rich in magmatic melts and are very poor in 
hydrothermal fluids, the Nb/La ratios are the key to distinguish magmatic from 
hydrothermal amphiboles (Nb/La = 0-0.4) (Coogan et al., 2001). The felsic brown 
amphiboles have high Nb concentrations, with Nb/La ratios ranging from 0.39 to 
1.26, are distinguished feature of magmatic amphiboles in the lower oceanic crust. 
Whereas, the greenish-colorless amphiboles in vein have similar REE patterns to 
those of brown amphibole but much lower abundances, and higher Nb/La ratios 
(0.86-16.59). These suggest REE concentrations have already been transported by 
hydrothermal reactions. Since Nb is immobile and is still in high concentrations by 
their magmatic origin, making higher Nb/La ratios in green-colorless amphiboles. 
In the Figure 22, I presented the zircon trace-REE compositions of 4 
representative felsic vein samples. All the zircon REE patterns are typified by steep 
slope increasing from La to Lu, with strong positive Ce and slight Eu negative 
anomalies, which are distinguished features of magmatic zircon (Fu et al., 2009; 
Hoskin, 2005). The slightly negative Th and U anomalies relative to neighbor REEs 




hydrothermal fluids. Nevertheless, these minor effects could not obscure zircon 
magmatic patterns and are negligible in discussing the origin of felsic veins. 
Regarding the quartz in veins, based on high Ti concentrations (30-130 ppm) 
as presented in Figure 26, and high temperature estimated (540-7000C), I conclude 
that all of quartz grains in all studied felsic rocks have a magmatic origin. The 
mechanism for the formation of quartz in Vein-R will be discussed more in detail 
in the coming section (Section 7.2).  
In conclusion, the studied felsic rocks have a magmatic origin. They acted as 
pathways for hydrothermal fluids, after their formation, to infiltrate and modify 
themselves and their host gabbros. Nonetheless, the main constituents and 
magmatic features of the felsic rocks were not much modified by the hydrothermal 
activities. 
7.2. The Interaction between Gabbros and Highly Evolved Melts that 
characterized by the Diverse Occurrences of Felsic Veins in Hole U1473A  
7.2.1. The Formation of Felsic Rocks with Sharp Boundaries 
Felsic Vein-S/Veins with sharp boundaries show the contrast in texture and 
major-minor-trace compositions of all minerals in vein in comparison with those 
in their host gabbro (Figures 4, 16, 18, 21). These features refer to the differences in 
terms of both mechanism and formation condition at different magmatic stages.  
In addition, the extreme enrichments of trace-REE of minerals in vein suggest 
that they are crystallization products from highly evolved melts. In addition, the 
vein minerals are often fine- to coarse grained, showing strong zonations. These 
characteristics suggest that the veins were simply crystallized in relatively large 
spaces, possibly caused by earlier brittle deformation of the gabbroic rocks. Since 
the host gabbros were already cooled, there was very little interactions between 
the evolved melts and the pre-existing rocks, and was limited at the vein 
boundaries where the host minerals in contact with the migrating melts. 
7.2.2. The Formation of Felsic Rocks with Features of Replacement Processes 
The quartz, Fe-bearing and Mg-rich phases aggregate in the felsic Vein-R, 
presenting in the vein with the same proportion, size, and shape as those of the 
host olivine (Tables 1, 2 and 4; Figure 7). I therefore, suggest that the olivine was 
completely dissolved in the vein area, almost at the same time when plagioclase 




brown amphibole. The re-equilibration processes were ended by the precipitation 
of quartz, red Fe-bearing and Mg-rich phases at the space that earlier olivine had 
left behind. Thus, I propose that the felsic Vein-R was formed by a re-equilibration 
process between the host olivine gabbro and an evolved silica-saturated melt, 
which are shown in the following schematic diagram (Figure 29).  
 
Figure 29. Schematic diagram describing felsic vein formed by replacement 
process. CPL: Calcic plagioclase. Cpx: Clinopyroxene. LCP: Less calcic 
plagioclase. Q: Quartz. Cal: calcite. 
The input melt compositions are considered as main constituents of highly-
evolved melt reacted with the host gabbros. As the replacements of minerals are 
pseudomorphic (Figure 6, 7), the total volume can be considered constant during 
and after the reactions. These satisfy volume factor (fV) = 1 in quantifying the 
reactions by applying mass balance method proposed by Gresens in (Gresens, 
1967). The average compositions of minerals in vein and in the host olivine gabbros 
(Core 66R5, 1-7cm) were used in the calculations. Values 2.70-2.64, 3.3-3.1 and 3.4-
2.62 were assumed as specific gravities for pairs of plagioclase (An58)-plagioclase 
(An13), clinopyroxene (Mg#84)-brown amphibole (Mg#70), olivine (Fo76)-quartz, 
respectively. Figure 29 can be described in detail by three reactions as follows:  
(1) For plagioclase   
100g plagioclase (An58) + 10.34g SiO2 + 4.83g Na2O + 0.41g K2O →  
97.78g plagioclase (An13) + 8.37g Al2O3 + 9.32g CaO; 
(2) For clinopyroxene 
100g clinopyroxene (Mg#84) + 0.75g TiO2 + 2.58 Al2O3 + 7.02g FeO* + 0.19g MnO 
+ 1.16g Na2O + 0.20g K2O → 93.94g brown amphibole (Mg#70) + 6.42g SiO2 + 2.69g 
MgO + 10.97g CaO;  
(3) For olivine 
100g olivine (Fo76) + 38.68g SiO2 → 77.06g quartz + 39.77g MgO + 21.88g FeO* 




In order to highlight felsic melt characteristics, and to evaluate the effects of 
melt-rock interactions, I apply mass balance method again for estimated bulk rock 
compositions. The estimated bulk rock densities (3.04-2.80 the host olivine gabbro 
and felsic vein) were assumed as specific gravities in quantifying the reaction. 
Figure 29 and 3 reactions above can be summarized by only one equation as the 
following:  
(4) For olivine gabbro (sample 66R5, 1-7cm):  
100g olivine gabbro (SiO2 = 51wt%) + 7.87g SiO2 + 0.27g TiO2 + 2.86g Na2O + 
0.27g K2O → 92.1g felsic rock (SiO2 = 64wt%) + 1.52g Al2O3 + 8.82g CaO + 7.94g 
MgO + 1.56g FeO; 
I cannot clearly prove the presence of the output melts shown in Figure 29, and 
even no appropriate rock types for these compositions could be found in the drilled 
core samples. The shift of the MORB MgO-CaO-Al2O3 relationships is signal of 
reactive porous flow, which played an important role on MORB evolution, was 
observed and pointed out in (Lissenberg and MacLeod, 2016). I would also love to 
emphasize that both host gabbro and felsic melt characteristics are strongly-
completely modified after the reactions, and are potential topic to study more in 
detail in the future. 
7.2.3. The Formation of Felsic Rocks with Diffuse Boundaries 
With respect to the formation of the felsic rocks with diffuse boundaries, there 
are at least two models can be considered as follows: (1) crystallization of 
interstitial evolved melts which enriched in apatite (P2O5), zircon (Zr) and Fe-Ti 
oxides; (2) infiltration of evolved felsic melts into the gabbroic body when it was 
still very hot, forming network felsic veins.  
If the evolved melts are interstitial melts, they must have very small volume 
relative to the gabbroic framework, just around 1-5%. And thus, they will tend to 
react with the framework rather than crystallize such large volumes. However, the 
observations show that the long interval of the core and thin section are even 
dominated by the network vein, with medium grains of plagioclase and strong 
zoning patterns (Figure 8). Therefore, the interstitial melts model could not be the 
geological circumstance.  
I would like to argue and support for the other model is that the felsic melt was 




framework was still hot and might be not solidified yet. It might be easier for the 
melts to react intensely with the host rock, producing hybridized gabbro-felsic 
veins/ felsic rocks with diffuse boundaries. This model is more appropriate to the 
textual and chemical diffusion models observed in both major, minor, trace-REE 
compositions between the vein minerals and those in the host gabbro (Tables 1, 2 
and 4; Figures 8, 14, 18, 21).  
It is important to note that all minerals in this vein type have lower trace-REE 
abundances compared to those of other felsic vein types. The brown amphibole in 
this vein also contains minimal Nb concentrations (Figures 21), and lowest Nb/La 
ratios (0.39 to 0.5). I thus, conclude that the melt forming this vein type was formed 
at the earliest stage on the felsic liquid line of descent. 
7.3. Fe-Ti oxides saturated melts do exist 
Based on petrographic observations, Fe-Ti oxides and apatite are present in 
both deformed and un-deformed oxide gabbros. However, the dissolution and 
embayment textures of plagioclase, pyroxenes (Figure 10) are commonly observed, 
suggesting that silicate minerals did react intensely with the silicate liquids from 
which Fe-Ti oxides precipitated. And hence, Fe-Ti oxides and apatite must be 
second magmatic phases which are dis-equilibrium with main silicate constituents 
in oxide gabbros.  
In addition, the apatite trace-REE compositions in oxide gabbros have similar 
chondrite-normalized patterns with various levels of concentrations, but more 
primitive than those in felsic veins (Figure 25). These suggest that apatite are 
crystallization products from melts at different degrees of fractionation. It is 
important to mention again that high Ti-brown amphibole and biotite often appear 
interstitially between Fe-Ti oxide and clinopyroxene, plagioclase. Since no reactions 
between plagioclase and Fe-Ti oxides in form of solid phases can produce such 
biotite (Figure 10. e), I therefore conclude that both biotite, Fe-Ti oxides, and apatite 
were crystallized from hydrous melts (H2O = 4-6wt%, Table 6). 
Moreover, Fe-Ti oxides are relative pure and homogeneous compositions 
(Figure 23). Pang and his colleges in (Pang et al., 2008) and references therein 
summarized that the end of sub-solidus reactions of Fe-Ti oxides at 500-6500C is 
required to produce such pure compositions. However, calculated temperature 
results show that the Fe-Ti oxides in hole U1473A have systematically higher 




solidus reactions mentioned above. Hence, I propose that Fe-Ti oxides in both felsic 
rocks and oxide gabbros were crystallized from Fe-Ti saturated melts. 
Furthermore, as shown in the Figure 15, Fe-Ti oxides appeared in the liquidus 
and/or saturated in the melts at plagioclase with An = 20 (felsic rocks have already 
formed), suggesting that the parental MORB was also differentiated toward Fe-Ti 
oxide rich trend (Fenner trend). And thus, the Fe-Ti saturated melts do exist, and 
are somewhat in equilibrium with the felsic melts.  
7.4. Examining Competing Models for the formation of SiO2 rich melts and 
the Late Stages Evolution of the MORB at Ultraslow spreading Southwest 
Indian Ridge. 
Presently, there are at least four competing models could be considered to 
explain the formation of SiO2 rich melts at the late stages evolution of the MORB 
as follows: (1) hydrous partial melting (Koepke et al., 2007); (2) Reactive Porous 
Flow and/or interstitial melts squeezed out of the crystal mush (Lissenberg and 
MacLeod, 2016); (3) highly fractional crystallization; and (4) liquid immiscibility/ 
magma un-mixing (Charlier and Grove, 2012; Philpotts, 1979). 
7.4.1. Hydrous Partial Melting  
Koepke in (Koepke et al., 2007; Koepke et al., 2005; Koepke et al., 2004) 
demonstrate experimentally that the SiO2 rich melts can be formed by hydrous 
partial melting of the pre-existing gabbro and/or hydrothermally altered sheeted 
dyke complexes. The author also emphasized in some experimental studies that the 
strong enrichment of plagioclase anorthite content at the rims (up to 20 mol%) in the 
gabbros and the low TiO2, FeO and REE concentrations (since these components are 
very poor in both gabbroic cumulates and the altered rocks) in plagiogranites are 
distinguished features of melts generated by hydrous partial melting processes.  
I have carefully observed the chemical variation of plagioclase from cores to 
rims by EPMA analyses and backscatter images, but I have not found any of such 
supper enrichment in the gabbroic rocks, generally 1-3 mol% and never exceed 
5mol%. In addition, what I found are the extreme enrichments in trace-REE 
compositions of all minerals, and the abundances of Fe-Ti oxides, apatite in both 
felsic rocks and oxide gabbros. I do not exclude the hydrous partial melting 
hypothesis for the formation of other felsic rocks at Atlantis Bank area, however, it 
is clear to emphasize that the roles of hydrous partial melting are minor, if not 




7.4.2. Reactive Porous Flow/ Interstitial Melts Squeezed out from Crystal Mush  
The model has been proposed by Lissenberg and his colleges in (Lissenberg 
and MacLeod, 2016; Lissenberg et al., 2013). He also pointed out that Reactive 
Porous Flow occurs ubiquitously in the lower crust, and plays an important role in 
the evolution of the MORB. Here, I present a typical example which strongly 
support for the hypothesis in Figure 30, then discuss its role in the formation of 
oxide gabbros as well as felsic rocks. 
 
Figure 30. Reactive Porous Flow/Interstitial melts – rocks interaction, (a-d) 
Plane polarized light, phases, Ti-Fe intensity scanned images. (e) Chemical profile 
across oxide seam (core 71R1, 51-55 cm). PL: Plagioclase. Cpx: Clinopyroxene. 
Opx: orthopyroxene. Ap: Apatite. Ox: Fe-Ti oxide. Ol: Olivine.  
The figure displays the occurrence of Fe-Ti oxides and apatite at the lithologic 




































































   
   































gabbro. As shown in the chemical profile (Figure 30. e), the compositions of all 
minerals including olivine, two pyroxenes and plagioclase were strongly modified 
by the occurrences of the apatite and Fe-Ti oxides. Plagioclases show the greatest 
effects, up to 20mol% compositional gap between the primary phases and the 
reaction products, followed by clinopyroxenes with almost 15mol% differences. 
Olivine and orthopyroxene compositions show lesser effects, around 5mol% of the 
differences.  
The apatite and Fe-Ti oxides appear in form of a discontinuous vein, and the 
reactions were restricted along grain boundaries of the minerals (especially in 
contact with oxides), suggesting that they were crystallized from silicate melt at a 
later stage, after the formation of other two domains. I could not quantify exactly 
the compositions of this melt; however, it is obvious that the melt is comparable 
with the felsic melts. The melt is clearly rich in FeO*, TiO2, H2O, with very low 
viscosity to infiltrate along grain boundaries. It is likely that most of components, 
such as SiO2, Na2O..., were consumed in the reactions, leaving behind mainly Fe-
Ti oxides and apatite as crystallizing phases.  
 Whether the melt was interstitial or migrating reactive melt, primary mineral 
compositions were strongly modified as the results. It is very important to note 
that the interstitial melt volume is much smaller than that of the gabbroic 
framework. Therefore, I would like to argue that this model might be proper to 
explain the formation of thin oxides seams, local shear zones, and disseminated 
oxide gabbro (1-2% oxides), or fewer oxide bearing gabbros (2-5%); but it should 
not be applied in cases of massive oxide gabbros (5 - 30% oxides) and large felsic 
veins with medium-coarse grains, euhedral-subhedral crystals.  
7.4.3. Fractional Crystallization 
In contrast with the characteristic of melts formed by hydrous partial melting, 
the TiO2, FeO and REE concentrations are much higher in the melts generated by 
fractional crystallization and/or liquid immiscibility processes (Koepke et al., 2007). 
These features are well consistent with the fingerprints of the felsic vein samples 
presented here. 
Since fractionation partway from the parental MORB to felsic endmember is 
too long and difficult to compute major elements, I did simply model perfect 
fractional crystallization following Rayleigh equation for selected trace-REEs. The 




continuously from around 70 to 89, except for analyses of clinopyroxenes in contact 
with the veins) in most of lithologies (except for felsic rocks) including (olivine) 
gabbros and oxide (bearing) (olivine) gabbro(norite)s. The parental compositions 
used in the model are the most primitive compositions of a pegmatitic 
clinopyroxene in gabbro with Mg# 89. Using Fe-Mg coefficient exchange (Kd = 
0.23-0.26) between clinopyroxene and liquid (Bédard, 2010; Grove and Bryan, 
1983), the equilibrium basaltic melt has Mg# = 0.66-0.68, and is comparable with 
the parental MORB.  
Mineral/liquid distribution coefficients of clinopyroxene, plagioclase, and 
olivine were taken from experimental results (Hart and Dunn, 1993; McKenzie and 
O'Nions, 1991; Nielsen et al., 1992). Proportions of crystallizing phases were 
assumed constant, including PL: Cpx = 50: 50 and Ol: PL: Cpx = 20: 50: 30 in 2 
models, results are illustrated in Figure 31. 
 
Figure 31. Reconstructed MORB patterns in equilibrium with clinopyroxene in 
the gabbroic rocks Hole U1473A and are compared to calculated perfect fractional 
crystallization model.  
As can be clearly seen from the figure, the melts reconstructed from 
clinopyroxenes hole U1473A can be divided into 2 distinctive groups based on their 
trace-REE abundances as follows: (1) the population with low REE concentrations, 
corresponding to ≤ 50% crystal fraction, which are typical characteristics of the more 
primitive melts forming olivine gabbro and gabbros cumulates (<1% Fe-Ti oxides, 
clinopyroxene Mg# = 70-90); (2) evolved melts producing high trace-REE 
concentrations of clinopyroxenes in oxide (bearing) (olivine) gabbro(norite)s 
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is required to produce such high trace-REE concentrations of clinopyroxene with 
relatively high Mg#, and that these high abundances are basically at the same level as 
of those melts reconstructed from brown amphibole in the felsic veins (Figure 32).   
Interestingly, when compared with the crystallization models for the lower 
crust gabbros at fast spreading ridge in the Oman ophiolite (Kelemen et al., 1997), 
the (olivine) gabbros in both environments might have crystallized within 50% of 
their total masses. The residual liquids (≥50%) went upwards to form dykes and 
lavas at fast spreading ridge, however, they stayed there in the cumulates to form 
the oxide gabbros and felsic rocks in the hole U1473A, reflecting a low melt 
supplying rate, and that the parental MORB was un-eruptible at Atlantis Bank. 
Another important finding is that, even the melt patterns were reconstructed 
from a relatively large number of analyses with almost continuous Mg# values (89-
70) in most of lithologies, a large chemical gap between F= 30-50% (after 50-70% of 
crystallization) is clearly visible, suggesting the lack of melts with intermediate 
trace-REE compositions. 
Assuming that the oxide gabbros (clinopyroxene Mg# =70-80) are highly 
fractionated rocks (based on their trace-REE patterns), there is no way to explain 
the formation of more evolved oxide gabbros (clinopyroxene Mg# = 55-70 found in 
Hole 735B, Figure 13), and the studied felsic veins presented here. Consequently, I 
propose that fractional crystallization did play a very important role in the 
evolution of the MORB at Atlantis Banks, Southwest Indian Ridge, and probably 
is dominated mechanism, however, only the model itself is not enough to explain 
the formation of the studied felsic rocks and oxide gabbros in the Hole U1473A. 
7.4.4. Liquid Immiscibility/Magma Un-mixing 
The immiscibility model has been experimentally prove in (Charlier and 
Grove, 2012; Dixon and Rutherford, 1979; Philpotts, 1982) and were invoked in 
explaining the formation of oxide rich rocks and oceanic plagiogranites. Based on 
the intimate association of felsic rocks and oxide rich gabbros in hole 735B, Natland 
and his colleges (Natland et al., 1991) argued that these rock types were crystallized 
from immiscible liquids at Atlantis Bank area. However, this model is often denied 
in discussions due to the lack of clear evidence for the presenting of two melts in 
equilibrium, such as droplets of oxide rich portions in silica rich melts and vice 
versa. In the plutonic environments, even the process did occur at elevated 




very long cooling history. Duchesne and his colleges emphasized, in (Duchesne 
and Liégeois, 2015) and references therein, that the mineral compositions were 
crystallized from immiscible liquids should be the same as those from single 
homogeneous melts, making much more difficult to clearly distinguish between 
those crystallization products.   
Charlier in (Charlier et al., 2013; Charlier et al., 2011) pointed out that the 
clearest evidence of liquid immiscibility is the absence of rock suites with 
intermediate compositions (the Daly gap). This proposal could be a plausible 
explanation for the lack of rocks with composition at around SiO2 = 55-65% found 
in both holes 735B and U1473A (not shown here) and the absence of melts at F = 
30-50% shown in Figure 31.  
In addition, I computed structure of the felsic melts (NBO/T) following method 
proposed in (Mysen, 1983), based on calculated bulk rock results, adding 4-6 wt% 
of H2O (estimated from brown amphibole, Table 6) into the total values. Estimated 
felsic melt NBO/T results varies from 0.51 to 1.35, and are strongly controlled by 
the abundances of Fe-Ti oxides and apatite in veins. When compared with data 
taken experimentally in (Charlier and Grove, 2012), many studied felsic veins may 
have formed from Fe-Ti oxides rich liquids resulted from magma un-mixing.  
To clearly illustrate the trace-REE variations and their behaviors in highly 
evolved melts on their liquid line of descent, the HFSE-REE patterns of the SiO2-
rich melts and Fe-Ti rich melts were reconstructed based on compositions of brown 
amphibole in both felsic vein and oxide gabbro (Figure 32. a). As discussed in 
earlier sections, the melts forming oxides in the gabbros are in equilibrium with 
the granitic melts, all amphibole/liquid distribution coefficients (Kds) were taken 
from an experiment of Klein in (Klein et al., 1997) on quartz-dioritic to tonalitic 
melts at 1GPa, and temperatures at 900 - 8000C depending on estimated 
temperature results of the amphibole (Table 6). 
All the SiO2 rich melts show similar patterns, with the extreme abundances of 
all rare earth elements from 2 to 3 log units higher than those of the chondrite. The 
SiO2 rich melts are characterized by the strong Eu and HFSE negative anomalies, 
suggesting that plagioclase and zircon have strongly fractionated. It is noted that 
the Ti-rich amphiboles (TiO2 = 1-3.5wt%) were used in this reconstruction, and the 
brown amphiboles in veins show systematically higher estimated temperature 
than those of the Fe-Ti oxides in both felsic veins and oxide gabbros (Figure 28). 




patterns. Because ilmenite and titanite are the hosts of Ti in the lower gabbros, in 
which titanite rarely appears as trace mineral in few veins and thus it could not 
contribute in these depletions. In order to explain the patterns, there are three 
possibilities should be considered as follows: (1) ilmenite has strongly fractionated 
at earlier stages, (2) the original depletion of Ti compared with REE in the parental 
melt, and (3) a large volume of Fe-Ti oxides rich melts separation/ liquid 
immiscibility.  
 
Figure 32. (a) Reconstructed felsic melt patterns in equilibrium with brown 
amphibole in veins; amphibole-melt partition coefficients (Kds) from Klein et al. 
in (Klein et al., 1997). Kds at 9000C - 8000C. (b) Selected trace-REE chondrite-
normalized patterns of brown amphibole in felsic veins and in oxide gabbros. 
As discussed in earlier sessions, Fe-Ti oxides often display disequilibrium 
texture with the silicate minerals in oxide gabbros (Figure 10) but they are in 
equilibrium with the felsic melts (Figure 15. a). The first possibility is likely unreal, 
however, the liquid immiscibility process would be much more proper. Assuming 
that the process does occur, the SiO2 rich portions will be poor in Fe-Ti oxides. All 
minerals crystallize from these melts would show strong Ti negative anomalies 
relative to neighboring REEs, even they are rich in TiO2. This is the best fit model 
to explain for the HFSE-REE patterns of high-Ti amphibole presented in Figure 32.  
In contrast, the Fe-Ti oxide rich melt patterns reconstructed from brown 
amphibole in oxide gabbro show lesser REE abundances, with various levels of Eu, 
HFSE concentrations and complicated behaviors. At high temperature (900-9500C), 
the Fe-Ti oxide rich melts are typified by the lowest REE concentrations, with Eu 
and HFSE positive anomalies, suggesting that zircon and ilmenite did not 
fractionate. In addition, Eu positive anomalies might evident for the consumption of 
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under-saturated, they could not fractionate plagioclase, instead, they can easily 
assimilate silicate minerals, such as plagioclase and pyroxenes of the pre-existing 
gabbroic rocks. This is also a plausible explanation for the dissolution and 
embayment textures of silicate minerals commonly observed in oxide gabbros.  
It is worth to emphasize that, if the brown amphibole in oxide gabbros were 
formed by the reactions between Reactive Porous Flow/ Interstitial melts, the 
amphibole/reaction products will have much higher trace-REE abundances 
(Lissenberg and MacLeod, 2016), with strong Eu and HFSE negative anomalies. 
These are completely in contrast with the characteristics of brown amphibole in 
studied oxide gabbros, therefore, Reactive Porous Flow/Interstitial melts model 
does not work in these cases. 
Whereas, at lower temperature (around 8000C), after a large amount of silicate 
phases already assimilated, and Fe-Ti oxides, zircon started to fractionate, the Fe-
Ti oxides rich melts have similar behavior compared to the SiO2 rich melts, which 
characterized by high REE concentrations and large Eu and HFSE negative 
anomalies. This suggest that even the Fe-Ti rich melts will finally differentiate 
towards SiO2-rich endmember. 
In summary, I strongly propose that the liquid immiscibility process did play 
very important role in the formation of both felsic rocks and oxide (rich) gabbros in 
hole U1473A. The process should be paid far more attention to study in the future. 
7.5. Proposed Model for the Origin of Studied Felsic Veins and the Relation 
to the Oxide Gabbros in Hole U1473A.  
Any of the successful models for late stage evolution of MORB at ultraslow 
spreading Southwest Indian Ridge must satisfy generating two end-members (Fe-
Ti-rich and SiO2-rich) with extremely high trace-REE concentrations. Based on 
minerals chemical data, and estimated bulk rock compositions as well as the 
characteristic of the four competing models presented above, there are 3 candidates 
might play significant roles in the late stage evolution of the parental MORB at 
Atlantis Bank areas. They are Reactive Porous Flow/Interstitial melts, fractional 
crystallization, and liquid immiscibility processes. However, each of those processes 
alone is not enough to explain for the formation of all the lithologies recovered from 
Hole U1473A. 
As discussed above, small amounts of interstitial melts cannot produce such a 




limited understanding of magmatic systems, I would like to propose a simple model 
for the late stage evolution of the MORB at Atlantis Bank area, that is the 
combination of fractional crystallization dominated mechanism and liquid 
immiscibility on their liquid line of descent (Figures 31, 32, 33).  
Since I cannot estimate when the MORB starts to fractionate as well as the 
parental melt compositions before separating, the liquid line of descent from 
parental MORB to felsic and oxide rich endmembers could not be modelled in 
detail. However, based on experimental works (Charlier and Grove, 2012; Charlier 
et al., 2013; Dixon and Rutherford, 1979), the melts before developing immiscibility 
are at temperature around T= 1000 - 1020 0C, having SiO2 = 52-55wt%, and FeO* = 
12-15wt% (as shown in Figure 33. a). At lower temperatures, around 960-9700C, 2 
distinctive melts appear with different compositions. Both 2 melts will tend to 
migrate along the cracking-fracturing systems intimately related to deformation, 
then continue fractionating to form felsic rocks and/or reacting intensely with the 
pre-existing gabbros to produce oxide rich gabbros endmembers. The felsic rocks 
containing apatite, Fe-Ti oxides rich pools (Figure 11. d-e), and the fine grains of 
plagioclase more evolved aggregates along coarser grains (Figure 9. c-d) could be 
explained as Fe-Ti oxide rich melts exsolved in SiO2-rich endmember. 
 
Figure 33. Proposed model for the MORB evolution at Atlantis bank area. 
Consequently, the clinopyroxenes in oxide (bearing)(olivine)gabbro(norite)s 
with high Mg#, but high trace-REE concentrations could be explained by the 
reactions between the olivine gabbro cumulates and the evolved immiscible Fe-Ti 
oxide melts (for oxide gabbros) and/or Reactive Porous Flow (disseminated oxide 







































Last but not least, if the immiscibility process did occur at around F = 30-50% 
(Figure 31), she will play far more important roles than expected in magmatic 
petrogenesis at mid oceanic ridges due to their product abundances. If that is the 
case, very large amounts of felsic rocks and oxide gabbros were not yet recovered 
from the Atlantis Bank, which might contribute to the very low recovery rate of 
the ocean drilled cores in hole U1473A, just around 60% (MacLeod et al., 2017). 
8. Summary   
The main results of this work can be summarized as follows: 
(1) Mineral characteristics of the gabbroic rocks and felsic veins in IODP-Hole 
U1473A share a lot of similarities as those recovered from ODP-Hole 735B, even 
between 2km on the summit of Atlantis Bank, Southwest Indian Ridge. 
(2) Felsic rocks are the latest magmatic crystallization products after the 
gabbroic sequences. The melts forming felsic rocks in hole U1473A are SiO2-rich 
melts, probably derived by fractional crystallization combined with liquid 
immiscibility from a parental MORB. After their formation, these veins acted as 
channels for hydrothermal fluids passing through, modifying themselves and the 
surrounding gabbroic rocks. 
(3) The relationships between felsic veins and their host gabbros can be 
described by the characteristics of the vein boundaries, and are largely controlled 
by temperature condition gabbroic frameworks. Based on the texture, mineral 
chemistry of the veins in relation to those in the host gabbros, felsic rocks are 
divided into three categories as follows:  
(a) Felsic rocks with sharp boundaries are representatives for a crystallization 
in relatively large spaces, such as cracking-fracturing systems, perhaps resulted 
from brittle deformation of the gabbro frameworks when they were solidified 
already. The interaction between the melts and the wall rocks are minimal in this 
vein type.  
(b) Felsic rocks with features of replacement processes can be distinguished by 
the textural continuity of minerals from the gabbros to the felsic portions. The felsic 
mineral assemblages were formed by pseudomorphic replacement processes, 
which mainly controlled by dissolution-precipitation mechanism, from the host 





(c) Felsic rocks with diffuse boundaries are produced in cases of late stage felsic 
melts penetrate the solidifying gabbro framework which might be still hot. This 
vein type was formed at the earliest stage compared to other vein types.  
(4) The oxide gabbros were formed by the interactions between the primitive 
gabbro cumulates and the percolating Fe-Ti oxide rich melts intimately related to 
the SiO2-rich melts, highly possible resulted from liquid immiscibility process. 
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12. Appendices: Representative mineral major-minor-trace element 
compositions of Hole U1473A  
Appendix 1: Representative major-trace element composition of olivine Hole U1473A 
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 
Core 64R2, 128-133 cm 66R5, 1-7 cm 68R4, 121-124 cm 
Lithology Olivine gabbro Olivine gabbro Olivine gabbro 
Remark 506 507 508 511 512 B-01 B-02 B-03 B-04 B-11 B-12 D-25 D-26 
Grain 
Size 




































Major element compositions (wt%) 
SiO2 38.15 37.68 38.12 38.35 38.22 38.57 38.79 38.13 38.7 38.35 38.08 38.5 38.03 
TiO2 0 0 0 0 0 0 0 0.403 0.017 0.011 0 0 0.01 
Al2O3 0.013 0 0.003 0 0 0 0 0.008 0.01 0 0 0 0 
Cr2O3 0 0 0 0 0 0 0 0 0 0 0.004 0 0 
FeO 25.28 23.55 23.57 23.64 23.62 20 20.1 21.08 20.8 22.16 22.13 22.13 22.04 
MnO 0.385 0.338 0.331 0.371 0.408 0.284 0.287 0.313 0.294 0.322 0.326 0.361 0.311 
MgO 36.83 37.95 38.11 38.08 38.01 41.06 40.92 40.42 40.85 39.51 39.34 39.91 39.24 
CaO 0 0 0 0 0 0.004 0.006 0.025 0.008 0 0 0 0.012 
Na2O 0.03 0 0 0.004 0 0.068 0 0.134 0.019 0.123 0.013 0.008 0.047 
K2O 0 0.005 0.003 0.004 0.01 0.011 0.011 0.017 0.005 0.041 0.003 0 0.007 
NiO 0.056 0.066 0.067 0.084 0.087 0.066 0.058 0.083 0.082 0.087 0.079 0.067 0.074 
Total 100.7 99.59 100.2 100.5 100.4 100.1 100.2 100.6 100.8 100.6 99.96 101 99.77 
Fo 72 74 74 74 74 79 78 77 78 76 76 76 76 
Fa 28 26 26 26 26 21 22 23 22 24 24 24 24 
Trace element compositions (ppm) 
Li 6.06 4.61 5.39 6.08 5.30 7.30 6.71 4.43 5.38 5.98 5.37 7.72 7.74 
B 2.32 1.73 1.92 3.76 3.36 2.83 2.22 1.91 1.67 2.89 2.44 1.53 2.97 
Sc 1.74 2.23 1.34 1.54 1.57 3.09 2.30 3.72 3.49 3.69 2.48 1.11 0.80 
Ti 10.24 21.13 7.65 6.83 14.55 17.63 15.21 59.32 42.18 74.77 16.72 4.57 1.91 
V 0.28 0.32 0.12 0.18 0.26 0.67 0.96 1.79 1.20 1.62 0.55 0.10 0.04 
Cr 1.44 1.90 1.13 1.13 <DL 3.25 3.04 5.10 3.32 4.32 1.90 1.14 1.85 
Co 252.77 231.15 236.29 239.75 235.32 233.56 238.95 227.71 231.86 238.11 240.44 217.57 225.36 
Ni 580.09 659.07 667.63 602.96 565.52 743.61 751.48 708.32 738.15 704.29 741.56 613.48 587.89 
Pb 0.03 0.11 0.06 0.12 0.06 0.04 0.02 0.03 0.02 0.05 0.03 0.12 0.04 






Appendix 2: Representative major-trace element composition of clinopyroxene Hole U1473A 
No. 1 2 3 4 5 6 7 8 9 10 11 12 
Lithology Oxide Olivine Gabbro Oxide rich gabbro Ox. bearing gabbro Hosting Vein-D 
Sample 11R2, 29-31 cm 83R1, 10-13 cm 85R3, 83-90 cm 
Remark 105 106 107 108 203 204 205 206 405 406 408 407 
Gr. size C M M M M M M 
Comments Core Rim Core Rim Core Rim Core Rim Core Core Core Rim 
Major element compositions (wt%) 
SiO2 51.24 51.472 51.339 51.443 51.973 51.023 51.277 51.489 52.382 52.534 52.417 52.85 
TiO2 0.957 0.671 0.843 0.71 0.22 0.424 0.474 0.534 0.824 0.723 0.866 0.633 
Al2O3 2.785 2.25 2.449 2.194 0.917 1.599 1.633 1.863 2.51 2.747 2.725 2.162 
FeO 10.003 10.161 10.425 10.482 10.503 10.555 13.242 12.479 10.334 10.175 8.919 9.902 
MnO 0.303 0.312 0.348 0.298 0.511 0.822 0.503 0.503 0.332 0.36 0.244 0.341 
MgO 13.631 13.868 13.618 13.696 14.041 12.56 14.602 14.748 14.207 15.458 14.047 13.747 
CaO 20.321 20.455 19.911 20.356 20.699 21.67 17.236 18.173 20.238 18.678 21.519 21.519 
Na2O 0.616 0.475 0.516 0.488 0.507 0.574 0.456 0.532 0.626 0.653 0.572 0.538 
Total 99.871 99.682 99.465 99.667 99.384 99.227 99.424 100.331 101.498 101.404 101.369 101.709 
Mg# 73.81 74.08 71.63 72.86 75.97 74.30 70.28 73.46 74.03 76.30 75.93 73.47 
Trace-REE compositions (ppm) 
Li 3.22  5.76  4.82  6.12  7.30  8.95  8.38  8.21  4.33  4.18  7.88  4.98  
B 8.45  8.56  7.48  6.86  6.18  5.88  6.03  5.79  3.86  3.94  3.79  3.69  
Sc 108.47  108.69  121.84  122.19  124.33  122.71  122.37  125.92  103.51  102.86  136.80  93.82  
Ti 2924.75  3636.02  4453.45  3714.68  2853.65  2821.23  2632.95  2748.58  5346.33  3636.01  1473.31  3265.44  
V 403.64  459.85  579.54  502.67  102.40  114.47  94.37  99.23  572.96  501.98  152.28  423.42  
Cr 57.90  65.50  26.32  33.75  1.41  2.55  <Dl <Dl 413.30  539.79  29.44  1103.23  
Co 47.85  50.95  48.10  47.47  44.07  40.78  44.08  43.67  51.05  45.67  47.21  46.20  
Ni 61.05  60.77  53.23  55.87  26.95  27.64  26.16  26.96  87.68  67.29  41.47  66.29  
Sr 9.36  9.08  10.67  9.87  9.45  9.72  8.82  9.97  9.75  9.22  7.19  8.94  
Y 45.54  44.21  39.05  52.79  153.78  171.88  150.37  152.54  28.12  85.94  367.48  40.72  
Zr 37.38  36.28  28.74  44.02  137.23  133.85  123.11  129.28  22.72  59.62  65.73  34.30  
La 0.76  0.75  0.70  0.83  3.37  4.33  2.92  3.13  0.98  4.19  8.96  2.73  
Ce 5.49  5.18  4.35  5.75  21.57  27.43  19.27  20.56  4.39  24.36  64.98  14.74  
Pr 1.27  1.22  1.00  1.40  4.98  6.15  4.59  4.78  0.82  4.69  14.39  2.55  
Nd 9.00  8.60  7.18  9.96  34.40  41.17  32.07  33.53  5.48  26.65  94.55  13.30  
Sm 4.31  4.17  3.44  4.68  15.93  18.20  14.93  15.21  2.59  9.83  41.32  4.46  
Eu 1.24  1.24  1.13  1.35  3.19  3.47  3.01  3.13  0.86  1.90  5.17  1.23  
Gd 6.31  6.16  5.49  7.38  23.03  25.71  21.99  22.34  3.96  12.06  56.23  5.59  
Tb 1.17  1.13  1.02  1.33  4.28  4.81  4.10  4.12  0.73  2.25  10.48  1.03  
Dy 8.57  8.54  7.36  9.86  31.04  34.78  30.07  30.18  5.31  16.32  76.35  7.48  
Ho 1.81  1.74  1.55  2.09  6.52  7.24  6.31  6.30  1.12  3.37  15.69  1.58  
Er 5.06  5.00  4.44  5.90  18.76  20.77  18.15  18.23  3.18  10.00  44.47  4.68  
Tm 0.71  0.72  0.63  0.84  2.68  3.02  2.61  2.65  0.46  1.50  6.41  0.71  
Yb 4.89  4.87  4.27  5.74  18.21  20.19  17.56  17.60  3.06  10.15  43.24  5.03  
Lu 0.71  0.68  0.60  0.80  2.60  2.88  2.53  2.48  0.44  1.39  6.14  0.70  
Hf 1.41  1.37  1.34  1.65  5.39  5.25  4.86  5.17  0.97  1.36  3.33  0.70  






Appendix 2: Representative major-trace element composition of clinopyroxene Hole U1473A (Cont.) 
No. 13 14 15 16 17 18 19 20 21 22 23 24 25 26 
Lithology Ox. bearing Olivine-Gabbronorite Oxide Gabbronorite 
Ox. bearing  
Ol-gabbronorite 
Oxide Gabbronorite 
Sample 61R4, 49-52 cm 61R4, 49-52 cm 61R4, 95-100 cm 61R4, 95-100 cm 
Remark 401 402 403 404 405 406 407 408 301 302 303 304 305 306 
Gr. size M M M M F F M M 
Comments Core Rim Core Rim Core Rim Core Rim Core Core Core Rim Core Rim 
Major element compositions (wt%) 
SiO2 51.607 51.711 51.928 51.304 51.402 51.457 52.119 51.211 51.297 51.84 52.553 51.36 51.801 52.15 
TiO2 0.978 0.855 0.585 0.851 0.852 0.628 0.553 0.752 0.613 0.62 0.48 0.505 0.52 0.525 
Al2O3 2.677 2.635 2.714 2.72 2.371 2.005 1.768 2.235 2.085 2.004 1.713 2.106 1.943 1.732 
FeO 9.179 9.748 8.03 9.953 10.047 13.11 9.672 9.922 9.805 10.743 10.855 9.911 9.996 10.74 
MnO 0.244 0.257 0.194 0.305 0.363 0.413 0.309 0.342 0.329 0.343 0.389 0.353 0.342 0.319 
MgO 15.744 14.795 15.001 14.522 13.914 15.516 14.708 14.091 13.796 14.405 14.787 13.821 13.949 14.459 
CaO 19.27 19.686 20.81 20.13 19.995 16.168 19.11 19.679 20.728 19.096 19.376 20.052 19.839 19.619 
Na2O 0.44 0.483 0.465 0.516 0.475 0.411 0.447 0.483 0.507 0.468 0.441 0.532 0.504 0.466 
Total 100.27 100.188 99.745 100.31 99.44 99.724 98.695 98.724 99.162 99.519 100.604 98.739 98.894 100.014 
Mg# 78.81 75.61 79.61 77.05 72.89 70.83 72.99 73.69 75.34 72.21 73.20 74.54 72.48 73.22 
Trace-REE compositions (ppm) 
Li 2.66  3.69  2.41  2.56  3.00  2.73  3.74  2.66  2.58  3.06  3.51  2.53  3.60  3.27  
B 4.19  4.18  3.37  3.11  3.48  3.21  4.09  4.62  5.11  4.80  4.69  5.28  4.83  4.61  
Sc 99.97  99.18  94.92  100.05  98.32  102.22  98.48  99.57  101.89  104.57  109.23  108.57  111.03  109.88  
Ti 5655.10  4683.89  3026.96  4821.36  4335.98  4033.92  2977.95  3583.86  3238.80  2859.71  2722.96  2382.63  2958.32  2857.94  
V 513.39  454.95  424.10  458.74  333.49  229.45  209.95  203.63  162.42  153.71  142.04  127.26  149.28  159.26  
Cr 844.17  165.65  330.34  160.70  94.88  48.26  28.11  23.99  81.21  63.59  69.39  64.41  72.86  69.97  
Co 43.96  47.89  44.88  47.74  47.82  47.77  44.92  48.24  44.71  44.14  44.43  43.00  44.52  44.60  
Ni 91.36  85.99  88.13  75.95  74.73  71.78  72.86  74.56  67.35  67.47  70.79  66.92  70.63  68.31  
Sr 9.65  9.23  10.60  9.34  9.25  9.57  7.83  9.75  8.87  8.03  8.63  8.24  8.92  8.94  
Y 45.48  63.15  16.43  65.01  73.30  88.49  83.81  88.97  126.22  144.36  155.05  151.84  148.57  157.00  
Zr 114.17  77.13  10.40  76.65  75.09  84.71  85.46  81.05  119.46  171.93  167.68  158.75  148.19  165.52  
La 1.33  1.46  0.56  1.64  1.52  1.74  1.79  1.76  3.69  3.83  3.78  3.97  3.43  3.71  
Ce 9.02  10.06  2.77  10.99  10.24  11.97  11.62  12.34  24.36  27.27  26.51  27.27  23.89  25.58  
Pr 1.92  2.23  0.50  2.38  2.38  2.81  2.68  2.86  5.09  5.97  5.98  6.07  5.37  5.82  
Nd 12.41  15.12  3.24  16.06  16.44  19.78  18.82  20.10  32.22  37.85  39.50  39.55  36.16  39.01  
Sm 5.07  6.73  1.49  6.96  7.58  9.12  8.65  9.31  13.42  15.94  16.80  16.61  15.89  16.87  
Eu 0.96  1.46  0.57  1.55  1.79  2.11  2.05  2.13  2.61  2.75  2.84  2.74  2.87  2.91  
Gd 6.89  9.61  2.25  9.94  11.04  13.54  12.72  13.20  18.22  21.37  23.33  22.66  22.37  23.60  
Tb 1.22  1.70  0.43  1.76  2.02  2.47  2.33  2.43  3.40  3.91  4.28  4.15  4.13  4.38  
Dy 8.65  12.32  3.07  12.65  14.48  17.51  16.52  17.49  24.56  28.51  30.75  30.16  29.88  31.72  
Ho 1.75  2.53  0.65  2.62  2.96  3.57  3.41  3.63  5.10  5.92  6.37  6.24  6.16  6.56  
Er 5.06  7.11  1.84  7.40  8.40  10.25  9.68  10.32  14.79  16.97  18.32  18.01  17.78  18.81  
Tm 0.708  1.02  0.27  1.03  1.17  1.46  1.37  1.47  2.147  2.48  2.67  2.57  2.59  2.73  
Yb 4.85  6.66  1.83  7.00  7.93  9.65  9.00  9.87  15.10  16.93  17.69  17.61  17.13  18.28  
Lu 0.68  0.91  0.26  0.96  1.12  1.35  1.25  1.37  2.15  2.38  2.49  2.47  2.42  2.57  
Hf 3.63  2.79  0.46  2.87  3.00  3.49  3.23  3.18  4.34  5.87  6.68  6.52  5.90  6.73  





Appendix 2: Representative major-trace element composition of clinopyroxene Hole U1473A (Cont.) 
No. 27 28 29 30 31 32 33 34 35 36 37 38 39 
Lithology Ol- Gabbro Ol- Gabbro Gabbro 
Sample 41R2, 26-31 cm 64R2, 128-133 cm 66R4, 46-49 cm 
Remark 207 208 209 408 409 410 411 412 806 807 808 809 810 
Gr. size C M M M C 


























Major element compositions (wt%) 
SiO2 52.783 52.44 52.059 53.24 53.026 52.771 53.492 52.974 53.119 52.94 52.507 52.76 50.99 
TiO2 0.639 0.608 0.781 0.644 0.603 0.631 0.505 0.65 0.496 0.784 0.518 0.524 1.228 
Al2O3 2.657 2.961 2.905 2.367 2.296 2.477 2.518 2.577 2.777 2.565 3.003 2.758 4.386 
FeO 6.093 6.956 7.32 6.182 6.356 6.161 6.827 6.246 6.252 6.977 5.525 6.206 6.796 
MnO 0.193 0.195 0.225 0.24 0.203 0.216 0.206 0.235 0.158 0.16 0.172 0.173 0.173 
MgO 16.171 16.947 15.318 15.433 15.225 15.373 16.725 15.32 17.595 18.013 15.929 16.935 16.253 
CaO 22.467 20.229 21.893 21.969 22.63 21.822 19.996 21.688 19.986 18.872 22.176 20.125 18.476 
Na2O 0.43 0.491 0.542 0.456 0.452 0.486 0.454 0.616 0.361 0.36 0.49 0.411 1.212 
Total 101.50 100.83 101.07 100.63 100.81 99.99 100.77 100.34 100.78 100.72 100.40 99.99 99.62 
Mg# 88.21 86.66 84.99 81.57 83.11 82.45 81.75 82.64 85.92 84.50 88.00 84.57 89.26 
Trace-REE compositions (ppm) 
Li 3.91  5.11  4.85  3.52  3.96  3.67  3.48  3.46  3.79  4.05  1.95  5.33  5.14  
B 6.20  5.18  3.95  4.95  3.88  5.80  5.10  5.61  4.29  5.31  5.33  7.61  7.71  
Sc 96.14  98.83  91.86  86.71  92.61  72.72  87.19  84.39  81.57  85.86  85.09  83.64  82.90  
Ti 4388.76  2932.61  2797.01  3333.19  3603.48  2579.06  2645.87  2572.00  2396.31  2453.60  2502.66  2338.60  2612.24  
V 567.09  453.92  451.12  380.10  427.73  393.53  408.34  403.88  408.07  395.70  415.31  383.47  399.11  
Cr 122.40  188.78  174.58  514.17  560.69  634.31  490.66  536.32  559.51  523.76  716.21  686.14  548.84  
Co 52.25  51.01  48.96  43.52  40.00  43.98  44.80  43.56  47.52  47.52  47.74  45.34  44.82  
Ni 75.82  83.60  79.28  100.69  97.90  103.47  113.07  113.26  126.58  126.20  124.25  120.16  109.14  
Sr 9.98  11.23  10.69  7.99  8.25  7.24  11.09  10.87  9.29  9.31  9.51  10.02  10.15  
Y 22.30  15.32  13.68  17.88  18.15  13.33  12.42  12.68  12.02  13.06  12.92  11.34  12.51  
Zr 17.34  9.64  8.53  19.25  21.88  11.79  8.03  7.90  6.32  6.91  6.83  6.62  8.68  
La 0.44  0.22  0.21  0.33  0.35  0.26  0.21  0.26  0.15  0.15  0.15  0.15  0.28  
Ce 3.05  1.55  1.55  2.46  2.52  2.01  1.42  1.56  1.10  1.06  1.13  1.07  1.69  
Pr 0.63  0.36  0.35  0.53  0.56  0.43  0.33  0.33  0.26  0.26  0.28  0.26  0.35  
Nd 4.26  2.65  2.53  3.63  3.77  2.87  2.39  2.36  1.96  1.97  2.09  1.93  2.51  
Sm 2.07  1.31  1.29  1.64  1.76  1.32  1.19  1.18  1.08  1.11  1.14  1.04  1.19  
Eu 0.70  0.53  0.50  0.57  0.62  0.48  0.46  0.46  0.42  0.44  0.45  0.43  0.46  
Gd 3.19  2.21  1.96  2.49  2.59  1.98  1.86  1.83  1.71  1.82  1.83  1.69  1.85  
Tb 0.57  0.40  0.36  0.45  0.47  0.36  0.34  0.33  0.32  0.34  0.34  0.30  0.34  
Dy 4.20  2.90  2.67  3.31  3.42  2.56  2.41  2.44  2.36  2.53  2.45  2.24  2.44  
Ho 0.89  0.62  0.57  0.68  0.71  0.54  0.49  0.51  0.48  0.53  0.52  0.46  0.48  
Er 2.53  1.72  1.56  1.95  2.02  1.50  1.40  1.45  1.36  1.46  1.47  1.30  1.44  
Tm 0.33  0.24  0.22  0.29  0.29  0.20  0.20  0.21  0.19  0.21  0.21  0.18  0.20  
Yb 2.43  1.64  1.46  1.90  1.91  1.46  1.32  1.37  1.32  1.37  1.37  1.24  1.34  
Lu 0.34  0.22  0.20  0.26  0.26  0.20  0.18  0.19  0.17  0.20  0.19  0.17  0.19  
Hf 0.69  0.46  0.42  0.47  0.72  0.39  0.37  0.38  0.35  0.35  0.35  0.34  0.37  





Appendix 2: Representative major-trace element composition of clinopyroxene Hole U1473A (Cont.) 
No. 40 41 42 43 44 45 46 47 48 49 50 51 52 
Lithology Ol- Gabbro Hosting Vein-R Ol- Gabbro Hosting Vein-S 
Sample 66R5, 1-7 cm 68R4, 121-124 cm 
Remark A-05 A-06 A-11 A-12 A-13 A-14 A16 A-17 A-18 D-07 D-08 D-14 D-15 










































Major element compositions (wt%) 
SiO2 53.741 53.05 52.435 52.149 52.684 53.04 52.803 52.334 52.343 55.14 54.664 54.859 56.434 
TiO2 0.251 0.46 0.841 0.719 0.418 0.8 0.48 0.702 0.719 0.342 0.592 0.677 0.344 
Al2O3 1.723 3.235 2.788 2.941 2.643 2.652 2.85 2.546 2.627 2.195 2.870 2.928 1.519 
FeO 5.049 6.112 6.098 6.609 6.894 7.209 5.188 7.122 6.3 5.593 6.363 6.133 5.515 
MnO 0.196 0.202 0.177 0.207 0.181 0.202 0.161 0.188 0.176 0.194 0.231 0.213 0.159 
MgO 15.994 16.896 16.01 15.323 17.357 16.804 16.07 16.911 15.783 16.754 16.297 16.271 16.5 
CaO 22.928 18.302 21.033 21.822 19.128 19.436 22.401 19.432 21.374 18.161 18.083 17.789 19.411 
Na2O 0.458 0.786 0.428 0.474 0.374 0.362 0.43 0.356 0.427 0.441 0.543 0.736 0.367 
Total 100.405 99.218 99.848 100.335 99.74 100.571 100.417 99.684 99.799 98.891 99.715 99.754 100.32 
Mg# 87.01 82.81 83.10 83.81 83.79 80.18 87.56 82.65 83.51 73.32 72.67 73.03 71.64 
Trace-REE compositions (ppm) 
Li 1.86 1.70 3.40 1.98 3.89 3.87 2.63 1.99 2.08 3.84 3.20 10.19 10.83 
B 3.69 3.33 4.13 4.01 2.43 2.30 4.54 3.69 3.76 2.13 2.73 3.27 2.98 
Sc 95.12 94.03 88.36 88.69 84.67 95.19 97.80 89.82 86.75 96.37 92.24 140.21 152.70 
Ti 2774.73 3922.12 4660.43 4210.86 2294.27 3194.77 4591.85 3398.86 3387.39 3112.84 3476.47 1977.34 1960.78 
V 432.59 450.00 511.51 502.13 372.12 414.00 525.58 440.11 414.39 436.19 411.37 99.78 95.21 
Cr 693.57 637.24 489.28 451.74 717.86 536.07 521.13 593.77 657.51 1452.18 1131.24 82.09 12.05 
Co 44.12 37.68 48.01 50.34 45.20 44.65 45.99 45.47 42.27 38.73 39.45 42.87 43.85 
Ni 106.52 98.42 117.73 120.18 111.55 105.96 109.70 104.45 100.64 102.58 99.67 51.08 55.63 
Sr 8.88 7.80 9.31 8.83 9.07 9.88 9.16 8.36 8.27 9.27 9.15 8.15 8.48 
Y 15.79 20.32 21.23 20.48 12.70 16.53 22.01 19.00 18.10 15.85 17.68 279.97 285.44 
Zr 11.53 20.49 15.79 14.56 6.28 13.09 19.08 13.62 16.30 13.74 17.28 99.89 95.51 
La 0.35 2.19 0.32 0.32 0.18 0.31 0.38 0.33 0.33 0.31 0.33 6.77 6.59 
Ce 2.22 9.38 2.29 2.33 1.10 2.04 2.61 2.37 2.39 2.07 2.31 48.79 47.23 
Pr 0.45 1.23 0.54 0.52 0.25 0.45 0.61 0.53 0.53 0.44 0.51 10.77 10.28 
Nd 2.97 5.65 3.90 3.81 1.86 3.15 4.20 3.57 3.71 2.99 3.53 70.01 66.95 
Sm 1.37 2.05 2.00 1.89 1.04 1.54 1.98 1.73 1.69 1.47 1.63 29.99 29.13 
Eu 0.54 0.76 0.62 0.61 0.41 0.52 0.64 0.60 0.59 0.51 0.54 4.15 4.05 
Gd 2.15 2.93 3.09 2.88 1.75 2.32 3.20 2.67 2.60 2.27 2.46 40.51 40.38 
Tb 0.40 0.53 0.57 0.53 0.31 0.43 0.57 0.49 0.46 0.42 0.46 7.50 7.70 
Dy 2.98 3.89 4.15 3.94 2.43 3.10 4.20 3.58 3.44 3.00 3.32 55.12 55.95 
Ho 0.61 0.79 0.86 0.82 0.49 0.63 0.88 0.72 0.71 0.62 0.68 11.40 11.73 
Er 1.76 2.32 2.39 2.31 1.46 1.89 2.37 2.11 2.07 1.76 1.97 32.39 33.36 
Tm 0.25 0.33 0.33 0.33 0.20 0.27 0.33 0.30 0.28 0.25 0.27 4.74 4.87 
Yb 1.77 2.20 2.31 2.23 1.37 1.79 2.20 2.05 1.98 1.69 1.84 31.39 32.26 
Lu 0.25 0.30 0.31 0.30 0.19 0.26 0.31 0.29 0.28 0.24 0.25 4.45 4.58 
Hf 0.43 0.79 0.84 0.63 0.30 0.49 0.80 0.48 0.61 0.48 0.54 4.84 4.49 





Appendix 3: Representative major-trace element composition of plagioclase Hole U1473A 
No. 1 2 3 4 5 6 7 8 9 10 11 12 
Sample 41R2, 26-31 cm 66R4, 46-49 cm 
Lithology Host Ol gabbro Felsic Vein-S Host Gabbro Felsic Vein-R 
Remark 215 216 211 212 213 214 813 816 814 811 812 815 
Grain Size M M C M- Replaced partly M- Completely replaced 
Comments Core Rim Core Rim Core Rim Core Rim Rim Felsic Core Rim Rim 
Major element compositions (wt%) 
SiO2 54.936 55.478 63.15 63.499 60.162 60.615 52.481 53.806 62.052 63.363 63.846 64.418 
TiO2 0.021 0.072 0 0 0.034 0.038 0.084 0.066 0 0.024 0.026 0.02 
Al2O3 28.924 28.667 23.255 22.782 25 24.504 29.445 29.193 23.293 22.675 22.422 21.872 
Cr2O3 0 0 0 0 0 0 0.017 0 0 0 0 0 
FeO 0.22 0.176 0.204 0.159 0.255 0.317 0.352 0.254 0.154 0.217 0.205 0.168 
MnO 0.006 0.009 0.009 0.014 0 0.01 0.023 0.025 0.007 0.015 0.005 0 
MgO 0 0 0.002 0.014 0.01 0.002 0.032 0.022 0 0 0.004 0.002 
CaO 11.229 10.902 4.77 4.189 6.718 6.18 12.78 11.945 5.206 4.309 3.958 3.408 
Na2O 5.184 5.462 8.585 8.895 7.532 7.712 4.388 4.85 8.9 9.053 9.312 9.682 
K2O 0.058 0.056 0.44 0.207 0.204 0.255 0.069 0.082 0.099 0.392 0.308 0.384 
NiO 0.001 0 0 0 0 0.002 0.006 0 0.009 0 0 0 
Total 100.58 100.82 100.42 99.759 99.915 99.635 99.677 100.243 99.720 100.048 100.086 99.954 
An 54.30 52.28 22.90 20.40 32.63 30.24 61.43 57.37 24.29 20.37 18.69 15.94 
Ab 45.36 47.40 74.58 78.40 66.19 68.28 38.17 42.16 75.16 77.43 79.58 81.93 
Or 0.33 0.32 2.51 1.20 1.18 1.49 0.39 0.47 0.55 2.21 1.73 2.14 
Trace-REE compositions (ppm) 
Li 0.54  <DL 0.58  0.42  0.83  0.62  <DL <DL <DL <DL <DL <DL 
Ti 364.41  452.20  77.46  68.11  86.94  72.82  302.38  383.44  336.33  90.23  79.71  54.62  
V 2.06  1.27  <DL 0.03  0.03  0.30  2.71  1.70  3.25  <DL <DL <DL 
Co 0.12  0.12  0.07  0.06  0.08  0.18  0.16  0.14  0.08  0.10  0.08  0.05  
Rb <DL <DL 0.31  0.35  0.24  0.29  0.11  0.11  0.03  0.08  0.09  0.11  
Sr 251.90  244.87  134.43  130.76  156.17  133.46  223.34  231.67  266.75  128.24  115.01  92.92  
Y 0.17  0.11  0.55  0.52  0.60  0.54  0.35  0.37  0.44  0.99  0.83  0.58  
Ba 3.75  4.48  45.50  42.70  37.26  41.29  3.48  4.05  3.37  44.88  46.51  49.63  
La 0.29  0.43  10.15  9.67  8.52  9.61  0.26  1.52  0.23  10.88  10.29  5.18  
Ce 0.87  1.18  18.31  17.20  16.66  17.08  0.92  3.96  0.74  20.87  19.41  10.64  
Pr 0.12  0.15  1.57  1.47  1.46  1.49  0.13  0.44  0.11  2.03  1.82  1.00  
Nd 0.52  0.60  4.78  4.37  4.65  4.58  0.56  1.65  0.47  7.06  6.28  3.22  
Sm 0.10  0.10  0.50  0.44  0.52  0.48  0.13  0.24  0.10  0.87  0.71  0.40  
Eu 0.51  0.50  3.12  2.68  3.19  2.89  0.55  0.59  0.62  5.31  4.57  2.89  
Gd 0.08  0.06  0.27  0.24  0.31  0.28  0.12  0.18  0.10  0.55  0.46  0.26  
Dy 0.04  0.03  0.13  0.12  0.14  0.13  0.07  0.09  0.09  0.27  0.22  0.15  
Er <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Yb <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 






Appendix 3: Representative major-trace element composition of plagioclase Hole U1473A (Cont.) 
No 13 14 15 16 17 18 19 20 21 22 23 24 25 
Sample 64R2, 110-113 cm 64R2, 128-133 cm 
Lithology Felsic Vein-S1 Felsic Vein-S2 Host Ol gabbro Felsic Vein-S 
Remark 711 712 716 715 713 714 502 503 509 510 501 504 505 
Grain Size C C F C M M M M 
Comments Core Rim Core Rim Core Core Core Rim Core Rim Core Core Rim 
 Major element compositions (wt%) 
SiO2 57.82 58.294 57.589 58.008 67.168 61.614 54.286 54.428 54.008 53.646 61.727 61.784 62.954 
TiO2 0.02 0.03 0.047 0.051 0.018 0 0.05 0.021 0.059 0.027 0 0.01 0.008 
Al2O3 26.53 26.308 26.254 26.258 20.167 23.68 29.718 29.535 29.011 29.442 24.082 23.989 22.962 
Cr2O3 0.01 0 0.001 0.008 0 0 0 0 0 0 0 0 0 
FeO 0.30 0.284 0.372 0.145 0.137 0.16 0.238 0.216 0.282 0.19 0.25 0.259 0.123 
MnO 0.00 0.006 0.006 0.014 0 0.002 0 0.015 0 0 0 0.005 0 
MgO 0.01 0 0.307 0.003 0 0 0.018 0 0.024 0.009 0 0.015 0 
CaO 8.12 7.796 8.012 7.887 1.132 5.162 12.149 11.945 11.633 12.121 5.904 5.805 4.561 
Na2O 6.93 7.142 7.024 7.215 10.986 8.657 4.761 4.877 5.052 4.624 8.076 8.181 9.158 
K2O 0.16 0.171 0.229 0.243 0.451 0.399 0.055 0.067 0.056 0.053 0.29 0.296 0.118 
NiO 0.00 0 0 0 0.006 0 0 0 0 0 0.012 0 0 
Total 99.902 100.031 99.841 99.832 100.065 99.674 101.275 101.104 100.125 100.112 100.341 100.344 99.884 
An 38.93 37.26 38.16 37.15 5.25 24.23 58.32 57.29 55.82 58.98 28.30 27.69 21.44 
Ab 60.16 61.77 60.54 61.49 92.26 73.54 41.36 42.33 43.86 40.72 70.05 70.63 77.90 
Or 0.91 0.97 1.30 1.36 2.49 2.23 0.31 0.38 0.32 0.31 1.65 1.68 0.66 
 Trace-REE compositions (ppm) 
Li <DL <DL <DL 0.23  <DL 0.36  <DL 0.70  0.28  0.28  0.30  0.41  0.52  
Ti 239.94  208.00  229.70  238.98  37.48  84.92  327.77  347.63  331.03  299.60  115.36  121.89  121.92  
V 0.11  0.06  0.10  0.09  <DL <DL 3.23  1.07  1.94  1.23  <DL 0.03  <DL 
Co 0.09  0.06  0.08  0.09  0.04  0.07  0.11  0.07  0.16  0.14  0.05  0.08  0.07  
Rb 0.08  0.09  0.05  0.05  0.39  0.10  0.03  0.10  0.08  <DL 0.50  0.19  0.43  
Sr 260.33  232.86  253.45  254.58  27.43  135.55  227.45  228.33  232.96  235.45  161.98  192.61  179.55  
Y 0.87  1.36  0.72  0.82  0.17  0.62  0.20  1.15  0.13  0.11  1.16  1.09  1.33  
Ba 14.44  20.45  13.82  13.57  102.63  39.38  1.63  6.64  2.12  2.19  36.73  36.55  38.70  
La 3.27  5.13  3.20  3.13  1.24  9.14  0.16  1.13  0.19  0.26  9.90  10.67  10.65  
Ce 7.46  11.43  7.30  7.13  2.86  16.54  0.44  3.92  0.54  0.69  19.86  20.40  20.46  
Pr 0.83  1.25  0.81  0.78  0.27  1.45  0.06  0.53  0.07  0.09  1.93  1.99  2.02  
Nd 3.23  4.70  3.17  3.07  0.85  4.57  0.29  2.15  0.34  0.38  6.60  6.77  7.02  
Sm 0.49  0.70  0.48  0.47  0.13  0.51  0.07  0.44  0.07  0.07  0.82  0.82  0.89  
Eu 2.81  3.54  2.52  2.42  1.41  3.11  0.39  1.07  0.37  0.38  3.58  3.91  4.01  
Gd 0.34  0.51  0.34  0.32  0.08  0.29  0.05  0.35  0.06  0.05  0.53  0.53  0.56  
Dy 0.20  0.30  0.18  0.18  0.04  0.14  0.04  0.26  <DL <DL 0.28  0.27  0.30  
Er 0.07  0.11  0.06  0.06  <DL 0.04  <DL 0.08  <DL <DL 0.09  0.10  0.11  
Yb <DL <DL <DL <DL <DL <DL <DL 0.05  <DL <DL 0.05  0.05  0.06  






Appendix 3: Representative major-trace element composition of plagioclase Hole U1473A (Cont.) 
No 26 27 28 29 30 31 32 33 34 35 36 
Sample 66R5, 1-7 cm 
Lithology Host Ol gabbro Felsic Vein-R 
Remark B09 B10 B14 B13 B17 B18 B16 B15 B05 B06 B07 
Grain Size C C- Haft of grain C- Haft of grain with center replaced  M F  
Comments Core Rim Core Rim Core Rim Near vein Felsic  Core Rim Core 
 Major element compositions (wt%) 
SiO2 53.227 54.063 53.292 53.555 53.602 52.892 52.97 63.703 63.599 67.75 63.605 
TiO2 0.041 0.039 0.041 0.024 0.034 0 0.023 0.015 0 0 0.008 
Al2O3 28.811 28.728 29.911 29.679 29.709 29.989 29.832 23.001 22.224 20.002 22.044 
Cr2O3 0 0 0 0.031 0.015 0 0 0 0 0 0 
FeO 0.239 0.184 0.144 0.148 0.237 0.108 0.148 0.154 0.23 0.148 0.203 
MnO 0.02 0.002 0.017 0.015 0.02 0 0.01 0 0.005 0.002 0.005 
MgO 0.052 0.019 0.009 0 0.034 0.003 0.024 0.01 0.026 0.013 0.004 
CaO 11.817 11.417 12.624 12.405 12.322 12.643 12.493 4.434 4.004 1.049 3.671 
Na2O 4.739 5.148 4.628 4.865 4.651 4.45 4.568 9.171 9.094 11.227 9.337 
K2O 0.133 0.058 0.057 0.027 0.062 0.032 0.067 0.312 0.537 0.268 0.642 
NiO 0.002 0 0.007 0.005 0.016 0 0 0 0.007 0.001 0 
Total 99.081 99.658 100.73 100.754 100.702 100.117 100.135 100.800 99.726 100.460 99.519 
An 57.50 54.88 59.92 58.40 59.21 60.98 59.95 20.72 18.98 4.84 17.21 
Ab 41.73 44.78 39.75 41.45 40.44 38.84 39.67 77.55 77.99 93.69 79.21 
Or 0.77 0.33 0.32 0.15 0.35 0.18 0.38 1.74 3.03 1.47 3.58 
 Trace-REE compositions (ppm) 
Li <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 
Ti 341.07  508.00  187.05  339.21  285.95  392.26  262.55  64.26  64.83  17.67  65.29  
V 3.73  4.31  0.31  0.85  3.85  1.82  3.22  <DL <DL <DL <DL 
Co 0.26  0.57  0.10  0.11  0.24  0.22  0.24  0.07  0.06  0.04  0.07  
Rb 0.04  0.04  0.06  <DL <DL <DL 0.09  0.16  0.14  0.40  0.16  
Sr 223.93  221.91  212.52  212.59  210.96  208.90  213.23  100.09  110.37  42.17  106.47  
Y 0.19  0.28  0.03  0.09  0.15  0.16  0.15  0.55  0.68  0.12  0.63  
Ba 1.52  1.62  3.11  2.57  2.13  2.27  2.11  44.81  48.57  32.46  45.65  
La 0.15  0.23  0.32  0.32  0.12  0.34  0.12  7.00  7.22  1.40  7.22  
Ce 0.46  0.67  0.84  0.88  0.42  0.97  0.38  14.39  14.23  3.13  13.96  
Pr 0.06  0.09  0.09  0.10  0.06  0.11  0.05  1.28  1.32  0.30  1.30  
Nd 0.30  0.43  0.36  0.38  0.25  0.49  0.24  4.12  4.42  1.02  4.26  
Sm 0.07  0.12  0.05  0.05  0.06  0.07  0.05  0.43  0.52  0.14  0.52  
Eu 0.37  0.37  0.35  0.34  0.35  0.33  0.36  3.38  3.62  1.05  3.45  
Gd 0.06  0.08  <DL <DL <DL 0.09  <DL 0.29  0.34  0.08  0.32  
Dy 0.05  0.06  <DL <DL <DL <DL <DL 0.13  0.17  <DL 0.15  
Er <DL <DL <DL <DL <DL <DL <DL 0.04  0.05  <DL 0.05  
Yb <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL <DL 






Appendix 3: Representative major-trace element composition of plagioclase Hole U1473A (Cont.) 
No 37 38 39 40 41 42 43 44 
Sample 68R4, 121-124 cm 
Lithology Host Ol gabbro Felsic Vein-S 
Remark D21 D22 D23 D24 D27 D28 D29 D30 
Grain Size C M M M 
Comments Core Rim Core Rim Core Rim Core Rim 
Major element compositions (wt%) 
SiO2 53.727 54.843 54.129 54.649 60.802 60.82 59.902 63.577 
TiO2 0.030 0.057 0.017 0.000 0.023 0.052 0.031 0.031 
Al2O3 30.076 29.670 29.855 29.872 25.002 25.251 26.197 23.319 
Cr2O3 0 0.000 0 0.027 0 0 0 0 
FeO 0.206 0.161 0.160 0.108 0.251 0.237 0.269 0.624 
MnO 0.001 0.005 0 0.000 0 0.02 0.004 0.008 
MgO 0.023 0.005 0.009 0.000 0.001 0.012 0.003 0.014 
CaO 10.348 9.989 10.040 10.155 5.615 5.75 6.655 3.922 
Na2O 4.388 4.862 4.587 4.554 7.669 7.582 6.938 8.844 
K2O 0.038 0.029 0.023 0.049 0.174 0.18 0.136 0.191 
NiO 0 0.000 0 0.000 0 0 0 0 
Total 98.837 99.620 98.82 99.413 99.537 99.904 100.135 100.53 
An 56.44 53.07 54.66 55.03 28.50 29.21 34.35 19.46 
Ab 43.31 46.74 45.19 44.65 70.45 69.70 64.81 79.41 
Or 0.25 0.19 0.15 0.31 1.05 1.09 0.84 1.13 
Trace-REE compositions (ppm) 
Li <DL 0.22  0.54  <DL 0.37  0.23  0.17  <DL 
Ti 326.77  367.55  293.79  319.76  165.93  140.04  212.53  171.61  
V 1.39  1.60  3.14  1.20  0.11  0.08  0.19  0.13  
Co 0.08  0.09  0.19  0.09  0.08  0.08  0.10  0.08  
Rb 0.05  <DL 0.11  0.06  0.05  0.09  0.04  0.07  
Sr 249.28  267.71  235.32  238.38  231.68  188.75  254.37  212.32  
Y 0.25  0.32  0.15  0.12  1.36  0.95  0.86  1.34  
Ba 3.65  4.90  2.70  2.53  23.62  31.75  16.65  26.78  
La 0.99  0.72  0.13  0.39  6.46  7.83  3.79  6.29  
Ce 2.53  2.08  0.40  0.95  13.60  15.99  8.48  13.87  
Pr 0.28  0.25  0.06  0.11  1.46  1.67  0.92  1.47  
Nd 1.05  1.00  0.29  0.43  5.48  6.09  3.56  5.58  
Sm 0.16  0.19  0.07  0.07  0.83  0.80  0.55  0.79  
Eu 0.59  0.93  0.35  0.35  4.22  4.92  3.23  4.56  
Gd 0.12  0.13  0.05  0.06  0.56  0.54  0.36  0.55  
Dy 0.06  0.08  0.05  0.03  0.33  0.24  0.21  0.34  
Er <DL <DL <DL <DL 0.13  0.07  0.08  0.11  
Yb <DL <DL <DL <DL 0.06  0.04  0.06  0.06  






Appendix 4: Representative Major-trace element composition of orthopyroxene Hole U1473A 
No. 1 2 3 4 5 6 7 8 9 
Sample 66R5,1-7 cm 64R2, 128-133 cm 64R2, 110-113 cm 68R4, 121-124 cm 
Lithology Ol-gabbro Ol-gabbro Felsic Vein-S Felsic Vein-S 
Remark A03 413 414 703  704  D09 D10 D11 D12 
Grain size Thin selvage Thin selvage Thin selvage M M M 
Comments Blebs Blebs Blebs Core Rim Core Rim Core Rim 
major element compositions (wt%) 
SiO2 56.476 54.969 54.907 53.144 53.188 53.642 54.14 53.574 54 
TiO2 0.094 0.3 0.18 0.265 0.251 0.27 0.17 0.232   
Al2O3 0.845 1.249 1.155 0.820 0.788 0.879 0.58 0.7   
Cr2O3 0 0 0 0 0 0 0.00 0   
FeO 12.894 14.264 14.906 21.471 20.953 21.798 22.54 22.859   
MnO 0.345 0.352 0.366 0.762 0.803 0.713 0.67 0.705   
MgO 30.426 28.347 27.752 22.227 22.426 21.865 22.61 21.682   
CaO 0.363 0.905 0.781 1.753 1.464 1.534 0.58 1.04   
Na2O 0.008 0.032 0.011 0.055 0.064 0.046 0.02 0.007   
K2O 0.005 0.013 0.008 0 0.009 0.001 0.01 0   
NiO 0.021 0.001 0 0.022 0 0.016 0.00 0.007   
Total 101.477 100.432 100.066 100.519 99.946 100.764 101.316 100.806   
Mg# 81.11 78.59 76.85 65.48 65.74 63.39 63.61 62.15   
Trace-REE compositions (ppm) 
Li 0.49  0.78  0.87  2.45  1.64  2.61  5.84  2.32  2.22  
B 5.20  3.32  3.72  5.74  5.61  2.11  2.15  2.90  2.44  
Sc 26.04  15.59  19.24  39.48  40.06  37.73  38.20  31.77  35.07  
Ti 1488.47  2220.15  2380.17  1294.75  1383.93  1666.36  1167.99  1740.90  1864.07  
V 152.61  120.26  152.95  9.85  11.93  44.06  29.02  64.57  68.55  
Cr 313.11  149.82  166.45  2.22  2.69  25.93  3.07  107.98  122.82  
Co 84.86  87.46  87.54  66.93  68.05  80.78  79.02  80.81  79.66  
Ni 161.32  116.44  127.95  51.22  52.91  111.82  69.52  122.98  110.48  
Sr 0.07  0.05  0.11  0.06  0.07  0.08  0.06  0.08  0.07  
Y 1.03  1.34  1.83  36.52  32.96  26.08  51.75  23.20  31.31  
Zr 0.71  4.92  5.43  11.05  14.88  13.43  7.34  12.90  13.76  
La <DL <DL <DL 0.03  0.03  <DL 0.04  0.03  0.07  
Ce <DL 0.03  0.06  0.31  0.30  0.25  0.38  0.29  0.46  
Pr <DL 0.01  0.01  0.10  0.09  0.08  0.12  0.08  0.10  
Nd <DL 0.04  0.06  0.92  0.84  0.72  1.05  0.65  0.80  
Sm <DL 0.03  0.05  0.76  0.66  0.59  0.94  0.53  0.63  
Eu 0.01  0.01  0.02  0.16  0.16  0.13  0.15  0.12  0.13  
Gd 0.04  0.07  0.10  1.85  1.69  1.43  2.33  1.31  1.53  
Tb 0.01  0.02  0.02  0.48  0.45  0.37  0.65  0.33  0.42  
Dy 0.12  0.19  0.23  5.07  4.55  3.63  6.82  3.20  4.17  
Ho 0.04  0.05  0.07  1.35  1.23  0.98  1.93  0.87  1.18  
Er 0.15  0.21  0.26  5.15  4.64  3.73  7.82  3.28  4.48  
Tm 0.03  0.05  0.06  0.99  0.93  0.69  1.60  0.62  0.87  
Yb 0.30  0.47  0.53  8.31  7.64  5.84  13.63  5.15  7.24  
Lu 0.06  0.09  0.11  1.40  1.30  0.98  2.26  0.87  1.18  
Hf 0.04  0.21  0.19  0.44  0.54  0.50  0.34  0.50  0.50  





Appendix 4: Representative major-trace element composition of orthopyroxene Hole U1473A (Cont.) 
No. 10 11 12 13 14 15 16 17 
Sample 61R4, 49-52 cm 61R4, 49-52 cm 
Lithology Oxide bearing Ol-Gabbronorite Oxide gabbronorite 
Remark 411 412 413 414 415 416 417 418 
Grain size M M M M 
Comments Core Rim Core Rim Core Rim Core Rim 
Major element compositions (wt%) 
SiO2 52.988 53.168 53.376 53.224 52.875 52.699 52.919 53.239 
TiO2 0.423 0.367 0.435 0.392 0.397 0.365 0.324 0.36 
Al2O3 1.195 1.491 1.302 1.252 1.061 0.996 0.988 1.06 
Cr2O3 0 0.011 0 0.002 0.003 0 0 0 
FeO 18.592 18.114 19.772 19.628 20.677 20.255 20.993 20.305 
MnO 0.399 0.433 0.474 0.52 0.517 0.633 0.59 0.555 
MgO 23.962 23.67 23.973 23.809 22.807 23.156 23.475 23.064 
CaO 2.01 2.116 1.325 1.314 1.856 1.444 1.077 1.454 
Na2O 0.044 0.095 0.009 0.025 0.055 0.023 0 0.046 
K2O 0 0.01 0.003 0 0.006 0 0.002 0 
NiO 0.018 0 0.016 0.035 0 0.027 0.017 0.004 
Total 99.631 99.475 100.685 100.201 100.254 99.598 100.385 100.087 
Mg# 70.53 69.99 68.94 68.82 67.30 67.95 67.95 67.02 
Trace-REE compositions (ppm) 
Li 0.45  0.37  0.52  0.50  1.15  0.37  0.66  0.48  
B 2.61  2.25  1.61  1.49  1.76  1.80  1.60  1.56  
Sc 36.27  33.41  39.85  38.20  36.03  36.49  36.51  37.10  
Ti 2250.99  2169.03  2268.43  2344.53  2059.03  2021.88  2127.54  2104.34  
V 164.13  145.66  147.84  162.68  76.94  73.54  83.48  79.61  
Cr 72.23  65.82  62.92  62.41  10.95  13.74  11.35  13.46  
Co 93.82  94.31  89.89  90.63  87.33  86.53  87.60  89.12  
Ni 116.38  110.11  106.77  113.31  101.75  95.20  102.89  99.81  
Sr 0.12  0.11  0.26  0.14  0.09  0.09  0.10  0.12  
Y 11.43  9.71  15.52  13.19  16.53  17.78  16.32  18.18  
Zr 7.67  9.40  11.65  7.72  8.91  11.14  8.54  10.44  
La 0.02  0.02  0.07  0.02  0.02  0.02  0.03  0.04  
Ce 0.18  0.17  0.45  0.17  0.17  0.16  0.20  0.28  
Pr 0.04  0.04  0.10  0.04  0.05  0.05  0.05  0.07  
Nd 0.36  0.33  0.75  0.36  0.45  0.44  0.46  0.56  
Sm 0.26  0.24  0.45  0.27  0.37  0.37  0.39  0.43  
Eu 0.07  0.06  0.12  0.08  0.10  0.10  0.10  0.11  
Gd 0.65  0.59  0.95  0.69  0.91  0.97  0.93  1.02  
Tb 0.16  0.14  0.23  0.17  0.23  0.25  0.23  0.26  
Dy 1.54  1.33  2.16  1.72  2.27  2.45  2.24  2.47  
Ho 0.42  0.36  0.57  0.47  0.60  0.65  0.60  0.66  
Er 1.56  1.30  2.09  1.77  2.28  2.48  2.27  2.48  
Tm 0.278  0.24  0.38  0.33  0.41  0.47  0.41  0.46  
Yb 2.32  1.96  3.18  2.78  3.46  3.92  3.49  3.86  
Lu 0.40  0.34  0.53  0.47  0.58  0.66  0.60  0.65  
Hf 0.27  0.31  0.42  0.28  0.31  0.35  0.33  0.33  





Appendix 4: Representative major-trace element composition of orthopyroxene Hole U1473A (Cont.) 
No. 18 19 20 21 22 23 24 25 26 27 28 
Sample 61R4, 95-100 cm 61R4, 95-100 cm 85R3, 83-90 cm 
Lithology Oxide gabbronorite Oxide bearing Ol-
gabbronorite 
Hybridized - Felsic Vein-D 
Remark 311 312 316 317 318 313 314 315 411 412 413 
Grain size M M M M M M F M F 
Comments Core Core Core Core Rim Core Rim Core Core Core Core 
Major element compositions (wt%) 
SiO2 53.624 53.106 52.717 53.195 53.492 53.061 53.02 53.286 51.914 52.649 51.924 
TiO2 0.282 0.279 0.532 0.289 0.267 0.325 0.257 0.204 0.203 0.265 0.194 
Al2O3 0.961 0.84 0.98 0.933 0.89 1.021 0.892 1.013 0.51 0.635 0.504 
Cr2O3 0.001 0 0 0 0 0 0 0 0 0 0 
FeO 20.911 21.187 21.246 20.543 20.871 20.592 20.76 20.438 27.134 25.696 26.916 
MnO 0.666 0.612 0.616 0.578 0.706 0.616 0.603 0.634 0.941 0.828 0.899 
MgO 23.064 22.44 22.391 22.837 22.701 22.817 23.041 23.271 17.983 19.443 17.817 
CaO 1.561 1.336 1.211 1.618 1.449 1.5 1.216 1.001 1.471 1.577 1.582 
Na2O 0.038 0.03 0.016 0.036 0.028 0.048 0.055 0.034 0.044 0.034 0.056 
K2O 0.004 0.009 0 0 0 0.002 0 0.006 0 0.007 0 
NiO 0.008 0.003 0 0.023 0.005 0.007 0.019 0 0 0 0.033 
Total 101.12 99.842 99.709 100.052 100.409 99.989 99.863 99.887 100.2 101.134 99.926 
Mg# 66.84 65.30 65.15 66.69 65.80 66.71 67.11 67.12 54.13 57.62 53.77 
Trace-REE compositions (ppm) 
Li 0.58  0.34  0.60  0.69  1.16  0.60  0.25  0.70  2.20  1.84  17.06  
B 2.20  2.15  2.07  2.14  2.07  1.71  2.15  2.10  1.91  2.07  31.75  
Sc 34.40  36.13  35.20  36.18  34.48  37.85  34.80  37.88  40.08  38.53  379.08  
Ti 1502.58  1633.45  1613.17  1675.88  1514.24  2026.17  1555.79  1853.48  1478.09  1444.01  11836.47  
V 47.87  49.25  51.05  52.40  46.40  82.61  46.81  52.81  68.89  68.70  488.70  
Cr 25.64  26.63  28.26  28.52  25.26  43.28  30.21  33.44  21.85  22.36  89.71  
Co 87.57  87.41  85.94  85.16  87.80  85.58  84.83  86.96  81.86  83.91  816.14  
Ni 103.27  100.68  103.46  103.16  104.33  106.21  98.00  104.64  54.96  56.92  534.68  
Sr 0.05  0.07  0.07  0.07  0.06  0.08  0.06  0.12  0.08  0.11  1.07  
Y 26.03  27.16  25.05  25.90  26.25  22.53  24.34  27.58  59.98  55.98  732.32  
Zr 15.67  14.98  13.69  14.40  14.17  11.20  14.72  15.89  12.05  9.62  74.91  
La 0.03  0.02  0.02  0.02  0.02  0.04  0.02  0.06  0.06  0.20  1.88  
Ce 0.23  0.24  0.22  0.23  0.23  0.28  0.18  0.46  0.51  1.17  11.66  
Pr 0.07  0.07  0.07  0.07  0.07  0.07  0.06  0.11  0.15  0.26  2.70  
Nd 0.61  0.66  0.64  0.66  0.66  0.62  0.57  0.88  1.24  1.98  20.19  
Sm 0.52  0.57  0.52  0.56  0.54  0.46  0.47  0.65  1.00  1.30  14.30  
Eu 0.11  0.12  0.11  0.12  0.11  0.11  0.10  0.13  0.18  0.21  2.07  
Gd 1.30  1.36  1.30  1.37  1.32  1.11  1.19  1.46  2.54  2.85  33.34  
Tb 0.35  0.36  0.34  0.35  0.34  0.30  0.31  0.37  0.73  0.75  9.30  
Dy 3.42  3.63  3.37  3.53  3.50  2.97  3.15  3.67  7.61  7.58  96.02  
Ho 0.96  0.99  0.92  0.96  0.95  0.81  0.89  1.00  2.20  2.11  27.36  
Er 3.71  3.84  3.49  3.63  3.71  3.11  3.48  3.82  8.93  8.17  109.72  
Tm 0.713  0.74  0.66  0.69  0.71  0.60  0.68  0.72  1.792  1.59  21.68  
Yb 6.14  6.29  5.63  5.75  6.03  5.02  5.82  6.13  15.56  13.51  189.34  
Lu 1.05  1.08  0.97  0.98  1.04  0.86  1.00  1.04  2.61  2.25  31.88  
Hf 0.54  0.54  0.49  0.52  0.53  0.39  0.55  0.50  0.48  0.39  3.63  





Appendix 5: Representative major-trace element composition of the amphiboles Hole U1473A 
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 
Sample 11R2, 29-31 cm 83R1, 10-13 cm 85R3, 83-90 cm 
Lithology Oxide Olivine Gabbro Oxide rich Gabbro Felsic Vein-D 
Remark 101 102 103 104 E-201 E-202 E-207 E-208 E-209 401 402 403 404 
Gr. Size F F F F F F F M F F F 
Comments Core Core Core Core Core Core Core Core Rim Core Rim Core Core 
Type Brown Brown Brown Brown Brown Green Brown Brown Brown Brown Green Brown Brown 
Major element compositions (wt%) 
SiO2   44.904 42.73 42.834 43.922 49.438 52.083 47.478 47.59 48.728 48.731 50.940 48.529 49.737 
TiO2   1.788 2.228 2.76 2.204 1.393 0.354 1.847 1.993 1.687 1.097 0.342 1.289 1.134 
Al2O3  9.848 10.222 10.78 9.802 4.658 3.026 6.445 6.445 5.636 5.153 3.443 5.453 4.627 
FeO 13.668 15.596 14.71 13.985 13.069 13.251 14.251 13.71 13.547 16.533 17.865 16.245 16.378 
MnO 0.193 0.17 0.15 0.189 0.385 0.446 0.358 0.322 0.346 0.336 0.382 0.275 0.349 
MgO 13.747 11.996 12.21 13.256 15.65 16.545 14.256 14.784 14.967 13.25 12.435 13.258 14.022 
CaO 11.035 11.18 11.161 11.109 10.413 10.225 10.544 10.273 10.306 10.219 10.837 10.392 10.359 
Na2O 2.61 2.759 2.87 2.738 1.821 1.194 2.153 2.394 2.169 1.464 0.822 1.437 1.338 
K2O 0.15 0.285 0.33 0.222 0.206 0.142 0.259 0.259 0.233 0.261 0.103 0.258 0.226 
Total 97.961 97.166 97.82 97.435 97.033 97.266 97.593 97.791 97.624 97.044 97.179 97.14 98.176 
Trace-REE compositions (ppm) 
Li <DL <DL <DL <DL 1.58  2.03  1.37  1.13  1.56  2.96  3.59  3.00  2.99  
B 9.01  8.27  8.35  8.05  8.25  7.20  5.69  5.52  5.85  5.12  5.40  4.45  4.13  
Sc 90.48  39.52  61.77  102.35  107.40  27.40  127.18  127.68  109.06  108.06  10.25  127.05  85.65  
Ti 12836.79  11788.68  15685.86  11592.70  7670.38  1365.00  9450.18  9921.28  8555.39  6580.46  1897.54  7266.42  5240.90  
V 830.94  514.13  856.88  243.99  95.29  16.44  120.16  106.41  98.29  210.16  184.94  235.70  193.39  
Cr 92.06  49.85  82.02  27.51  0.53  0.63  1.12  0.58  0.44  3.56  2.87  7.05  12.02  
Co 69.88  76.56  67.71  78.33  68.56  69.09  69.15  64.01  67.88  71.76  75.29  72.87  73.10  
Ni 107.91  133.68  99.00  128.95  62.45  33.44  61.62  54.58  57.51  88.49  78.48  87.06  91.32  
Rb 0.18  0.48  0.46  0.22  0.14  0.13  0.23  0.21  0.19  0.31  0.05  0.34  0.18  
Sr 44.17  31.60  44.27  30.69  5.01  2.72  8.08  6.52  4.99  5.28  4.42  6.92  4.27  
Y 12.81  32.41  35.35  41.52  323.14  127.57  531.77  671.98  485.93  809.55  173.76  927.77  338.89  
Zr 124.23  89.02  120.98  103.91  78.81  44.84  196.59  87.64  70.37  56.53  16.64  65.40  37.07  
Nb 0.62  1.03  1.18  2.09  3.15  0.97  7.09  9.17  6.68  17.52  1.57  16.37  7.60  
Ba 2.75  4.76  4.99  3.44  2.55  0.79  5.23  4.80  3.72  3.20  0.32  3.87  1.25  
La 0.63  1.16  1.22  0.85  12.77  7.76  19.42  26.85  24.07  35.02  1.77  41.97  16.14  
Ce 2.99  6.17  6.43  4.58  73.65  42.03  118.15  162.15  140.12  205.71  16.42  251.52  91.37  
Pr 0.58  1.31  1.35  1.06  15.35  8.04  24.90  33.29  27.66  39.20  4.63  49.74  17.40  
Nd 3.70  8.92  8.81  7.60  94.77  43.83  155.34  202.89  162.27  221.96  35.19  286.03  98.26  
Sm 1.53  3.96  3.82  3.87  37.49  14.28  62.07  79.21  59.55  82.25  18.22  102.83  35.99  
Eu 1.02  2.00  2.05  1.40  6.30  3.88  9.56  10.15  8.79  6.78  3.53  8.71  5.70  
Gd 1.89  5.59  5.19  5.82  47.54  16.16  80.40  100.28  73.34  103.13  24.34  125.04  44.45  
Tb 0.34  0.95  0.94  1.07  8.76  3.05  14.67  18.63  13.47  19.64  4.57  23.44  8.42  
Dy 2.49  6.82  6.92  7.98  63.08  22.30  105.26  132.94  95.85  144.47  33.08  171.62  61.82  
Ho 0.53  1.39  1.45  1.65  12.91  4.73  21.24  27.10  19.53  30.95  6.98  36.16  13.08  
Er 1.57  3.94  4.32  4.63  36.89  14.93  60.03  76.76  56.19  93.61  21.29  107.22  39.24  
Tm 0.25  0.56  0.68  0.67  5.439  2.43  8.54  11.01  8.32  14.240  3.28  15.97  6.05  
Yb 1.97  4.05  5.00  4.53  36.16  18.01  55.59  71.56  56.49  98.34  24.08  107.79  42.23  
Lu 0.28  0.61  0.70  0.64  4.83  2.64  7.11  9.16  7.46  13.30  3.24  14.09  5.91  
Hf 3.77  1.47  3.71  3.79  6.24  3.34  12.36  5.49  4.62  6.27  1.75  6.88  2.73  
Ta 0.02  0.08  0.06  0.31  0.21  0.13  0.40  0.38  0.27  1.09  0.41  0.94  0.35  





Appendix 5: Representative major-trace element composition of amphibole Hole U1473A (Cont.) 
No. 14 15 16 17 18 19 20 21 22 23 24 
Sample 12R5, 27-31 cm 41R2, 26-31 cm 
Lithology Oxide olivine Gabbro Felsic Vein-S Host 
Olivine 
gabbro 
Remark O-101 O-102 O-103 O-104 O-105 201 202 203 204 205 206 
Gr. Size F F F M M F M  
Comments Core Core Core Core Core Core Middle Rim Core Rim Blebs 
Type Brown Brown Brown Brown Brown Brown Brown Green Brown Brown Brown 
Major element compositions (wt%) 
SiO2   43.43 42.698 42.684 42.437 42.529 45.207 46.809 47.95 43.959 44.19 48.12 
TiO2   3.471 3.85 3.724 3.872 3.585 2.472 1.685 0.22 2.967 2.817 1.681 
Al2O3  11.275 11.104 11.193 11.009 11.315 8.15 6.478 5.29 9.406 8.818 6.235 
FeO 13.143 12.735 12.665 12.408 12.919 15.495 16.533 21.44 15.732 16.463 15.296 
MnO 0.182 0.184 0.159 0.191 0.198 0.329 0.426 0.26 0.358 0.382 0.36 
MgO 12.993 13.215 13.261 13.153 13.066 12.839 13.004 9.45 12.09 12.198 13.625 
CaO 10.982 10.835 10.764 10.936 10.987 10.662 10.496 12.16 10.582 10.635 11.008 
Na2O 2.779 3.097 3.058 3.024 3.078 2.119 1.752 0.63 2.425 2.34 1.551 
K2O 0.199 0.215 0.2 0.224 0.233 0.299 0.267 0.36 0.286 0.293 0.29 
Total 98.456 97.933 97.708 97.301 97.945 97.586 97.469 97.74 97.805 98.144 98.166 
Trace-REE compositions (ppm) 
Li 0.20  0.20  0.09  0.12  0.06  1.36  1.63  3.69  1.26  1.32  1.85  
B 27.51  27.14  24.84  22.56  23.00  8.39  8.68  7.79  6.41  8.03  8.19  
Sc 131.66  134.28  134.91  134.27  128.07  96.21  98.40  17.43  100.72  123.22  77.40  
Ti 20393.20  19865.07  20365.71  19831.21  19765.33  12751.85  9819.87  917.82  16951.93  14928.55  8562.64  
V 1159.63  1157.29  1143.81  1071.77  1065.22  95.55  83.44  344.57  82.13  90.97  107.43  
Cr 13.04  11.99  12.88  12.28  6.97  3.71  2.73  12.94  1.28  1.37  11.23  
Co 71.68  71.09  69.83  68.96  69.03  60.27  68.23  85.69  49.91  59.69  61.98  
Ni 75.63  76.95  74.58  72.66  71.03  69.02  78.36  56.41  52.56  63.27  78.62  
Rb 0.32  0.35  0.27  0.30  0.44  0.25  0.25  0.10  0.26  0.30  0.24  
Sr 52.59  55.11  54.51  52.32  49.19  12.87  7.91  1.15  25.06  17.65  6.06  
Y 59.37  60.97  66.53  59.55  59.00  743.32  799.50  139.10  646.82  786.88  678.47  
Zr 62.56  62.07  62.01  62.02  62.99  104.54  69.74  59.98  195.72  161.32  51.03  
Nb 1.09  1.09  1.13  1.08  1.08  34.71  31.19  0.34  31.87  37.75  32.19  
Ba 4.33  4.20  4.03  3.91  4.32  7.60  5.06  0.71  10.61  10.31  4.11  
La 1.21  1.22  1.26  1.23  1.24  34.85  37.84  0.24  25.21  35.09  38.23  
Ce 7.57  7.65  7.91  7.50  7.56  212.38  227.74  2.79  158.72  198.54  236.45  
Pr 1.66  1.66  1.80  1.69  1.67  43.08  46.11  0.89  33.51  40.33  45.98  
Nd 11.90  11.38  12.69  11.72  11.69  260.59  273.61  7.65  212.52  249.46  257.01  
Sm 5.52  5.34  6.06  5.54  5.46  94.17  96.03  5.22  82.02  95.84  83.25  
Eu 1.94  1.95  2.01  1.91  1.92  9.14  7.97  0.33  11.33  10.77  6.02  
Gd 8.24  7.89  9.27  8.08  8.19  113.69  116.92  10.88  102.35  123.19  94.66  
Tb 1.51  1.52  1.69  1.51  1.48  20.28  20.94  2.40  18.12  21.83  17.07  
Dy 11.20  11.42  12.44  11.19  11.15  143.08  149.73  20.58  127.71  155.20  122.04  
Ho 2.34  2.40  2.59  2.34  2.34  28.96  30.87  4.97  25.66  31.40  25.25  
Er 6.71  6.83  7.19  6.73  6.56  82.32  88.90  15.59  72.21  87.66  74.60  
Tm 0.911  0.98  0.99  0.96  0.92  11.577  13.05  2.15  9.93  12.25  10.85  
Yb 6.27  6.41  6.46  6.36  6.12  76.10  86.61  13.67  64.85  80.91  73.78  
Lu 0.82  0.84  0.86  0.86  0.81  9.88  11.49  2.11  8.31  10.51  9.73  
Hf 2.70  2.83  2.82  2.79  2.85  6.47  5.16  2.05  9.45  9.01  4.05  
Ta 0.05  0.06  0.07  0.07  0.06  1.34  1.18  <DL  1.26  1.45  1.07  





Appendix 5: Representative major-trace element composition of amphibole Hole U1473A (Cont.) 
No. 25 26 27 28 29 30 31 32 33 34 35 36 
Sample 64R2, 110-113 cm 64R2, 128-133 cm 
Lithology Felsic Vein-S Host 
Gabbro 
Felsic Vein-S Host Olivine 
gabbro Remark 701 702 706 707 705 401 402 403 405 406 404 407 
Gr. Size M F  M M M Thin selvage 
Comments Core Rim Core Rim Blebs  Core Middle Rim Core Rim Blebs  Blebs  
Type Brown Brown Brown Colorless Brown Brown Brown Green Brown Brown Brown Brown 
Major element compositions (wt%) 
SiO2   47.215 49.598 51.442 52.487   46.884 50.914   46.21 49.758 45.479 45.581 
TiO2   2.169 1.443 1.095 0.851   2.37 1.36   2.62 1.577 1.928 2 
Al2O3  7.215 5.343 4.288 2.914   7.811 4.851   8.25 5.481 10.172 10.272 
FeO 13.566 13.425 12.711 14.871   13.996 13.391   13.364 13.166 9.681 10.481 
MnO 0.425 0.422 0.42 0.199   0.403 0.381   0.339 0.444 0.136 0.171 
MgO 14.658 15.551 16.211 14.856   13.708 15.353   14.144 15.162 15.548 15.098 
CaO 10.213 10.252 10.329 11.099   10.619 10.967   10.671 10.786 11.674 11.772 
Na2O 2.323 1.823 1.464 0.842   2.486 1.463   2.473 1.726 2.394 2.493 
K2O 0.28 0.210 0.177 0.144   0.32 0.219   0.279 0.23 0.138 0.218 
Total 98.064 98.067 98.137 98.266   98.597 98.899   98.366 98.333 97.190 98.190 
Trace-REE compositions (ppm) 
Li 1.92  2.16  2.68  2.21  0.82  2.70  3.01  2.37  2.09  2.85  2.01  1.41  
B 6.94  7.08  5.55  5.60  6.40  10.09  9.59  6.00  3.25  3.51  6.19  4.17  
Sc 118.73  113.65  100.32  82.81  87.84  135.36  132.15  65.25  132.80  131.88  53.90  109.11  
Ti 11332.16  11378.67  4588.40  5214.56  12327.61  13825.09  13966.78  4553.41  13780.65 14121.09  10561.59  14529.55  
V 42.73  42.76  29.89  28.62  606.42  61.85  62.03  75.08  67.83  63.65  334.81  772.69  
Cr 0.95  0.80  1.53  2.26  319.44  38.28  17.79  16.91  61.20  27.37  221.90  684.61  
Co 50.24  53.47  58.89  59.60  54.31  50.17  54.26  70.30  49.19  53.11  67.44  60.11  
Ni 66.18  72.82  84.38  84.07  105.78  97.56  95.27  123.01  94.16  96.89  192.89  145.85  
Rb 0.27  0.29  0.34  0.20  0.33  0.30  0.30  0.17  0.27  0.38  0.45  0.30  
Sr 9.26  8.88  2.74  3.14  26.33  14.75  14.04  3.95  13.83  14.19  41.25  56.28  
Y 1006.39  1075.58  768.64  792.69  81.94  949.22  1029.05  522.39  921.69  1057.82  34.41  42.79  
Zr 85.10  82.69  33.15  36.82  108.14  120.90  120.77  26.22  120.41  120.59  80.83  52.56  
Nb 27.27  28.89  11.08  12.96  2.56  30.26  32.63  12.20  29.99  33.76  4.66  13.02  
Ba 6.37  5.14  1.31  1.66  4.96  8.02  6.96  1.69  7.97  7.64  3.45  3.68  
La 39.89  41.14  10.09  15.02  5.08  33.22  36.29  13.74  35.16  38.37  2.05  1.83  
Ce 247.63  259.25  82.28  109.24  31.51  211.63  232.83  99.89  222.53  247.26  11.69  10.65  
Pr 52.14  54.33  19.04  23.97  5.74  44.91  49.32  21.66  46.28  52.07  2.20  1.95  
Nd 320.31  334.95  120.96  148.12  31.92  286.08  313.22  134.19  287.52  327.15  12.40  11.47  
Sm 119.04  125.16  58.85  66.07  10.70  111.91  121.15  54.65  110.03  126.38  4.34  4.54  
Eu 11.34  11.64  4.85  5.84  2.82  11.86  12.30  4.36  12.32  12.47  1.47  1.47  
Gd 147.87  155.92  84.06  91.18  12.46  142.90  153.36  69.41  139.00  159.09  5.37  6.35  
Tb 27.00  28.72  17.37  18.45  2.16  26.09  27.99  13.13  25.25  28.85  0.94  1.12  
Dy 195.13  206.56  133.77  141.33  15.12  186.63  199.97  96.99  180.77  206.79  6.53  7.92  
Ho 40.05  42.36  29.10  30.41  3.06  37.94  40.67  19.96  36.70  42.35  1.31  1.62  
Er 113.57  120.99  88.09  92.13  8.89  106.45  114.95  59.02  104.02  118.69  3.71  4.64  
Tm 16.044  17.24  13.28  13.98  1.27  14.690  15.91  8.51  14.39  16.55  0.55  0.64  
Yb 104.30  112.26  90.51  93.89  8.61  94.84  102.75  56.81  93.91  106.43  3.64  4.45  
Lu 13.28  14.26  12.05  12.31  1.16  11.92  12.95  7.44  11.93  13.40  0.48  0.58  
Hf 6.06  6.06  3.36  3.33  2.93  7.38  7.45  2.24  7.31  7.59  1.82  1.58  
Ta 1.05  1.10  0.47  0.53  0.11  1.16  1.20  0.42  1.17  1.27  0.38  0.66  





Appendix 5: Representative major-trace element composition of amphibole Hole U1473A (Cont.) 
No. 37 38 39 40 41 42 43 44 45 46 47 48 
Sample 68R4, 121-124 cm 81R3, 38-43 cm 
Lithology Felsic Vein-S Oxide Gabbronorite 
Remark D01 D02 D03 D04 D05 D06 D13 O-201 O-202 O-203 O-204 O-205 
Gr. Size M M M F F F M M 
Comments Core Rim Core Middle Rim Core Rim Core Core Core Core Core 
Type Brown Brown Brown Brown Colorless Brown Brown Brown Brown Brown Brown Brown 
Major element compositions (wt%) 
SiO2   51.133 51.588 49.423   53.811 50.858 50.969 43.023 43.281 43.125 43.517 42.679 
TiO2   1.277 1.002 1.668   0.313 1.332 1.074 3.337 3.497 3.04 2.212 3.098 
Al2O3  4.819 4.141 6.05   2.503 5.086 4.963 10.802 10.846 10.971 11.524 10.88 
FeO 14.428 14.642 14.988   15.698 14.753 15.030 13.939 14.006 13.901 13.241 13.576 
MnO 0.39 0.401 0.316   0.338 0.364 0.403 0.213 0.232 0.26 0.229 0.223 
MgO 15.103 15.461 14.457   14.701 14.910 14.607 13.081 13.13 12.96 13.566 12.999 
CaO 8.461 8.317 8.441   9.040 8.474 8.399 10.486 10.614 10.784 10.236 10.673 
Na2O 1.504 1.358 1.811   0.749 1.519 1.151 2.866 2.962 2.801 2.759 2.824 
K2O 0.136 0.098 0.158   0.120 0.156 0.192 0.217 0.265 0.16 0.294 0.3 
Total 97.251 97.009 97.312   97.273 97.459 96.788 97.964 98.847 98.008 97.594 97.252 
Trace-REE compositions (ppm) 
Li 3.24  2.76  3.31  1.92  1.52  2.25  2.29  1.39  1.32  1.14  1.98  0.78  
B 1.99  2.14  2.57  2.46  3.85  2.12  2.58  25.41  25.15  24.13  20.58  17.94  
Sc 62.99  44.90  138.94  101.95  76.12  106.01  50.13  113.49  115.38  122.37  140.66  129.67  
Ti 6599.68  6385.83  9324.06  8490.05  3823.37  8528.69  5955.79  17580.85  18844.15  15812.29  10381.85  17000.47  
V 83.75  80.77  115.12  103.09  54.91  114.52  65.52  746.32  775.80  774.00  772.52  809.73  
Cr 6.29  4.28  9.44  7.89  5.42  175.71  14.64  118.51  77.07  113.98  125.56  109.63  
Co 63.53  63.53  62.81  63.39  70.01  64.05  65.68  63.20  65.62  64.49  61.96  63.77  
Ni 106.62  89.84  114.89  111.19  121.94  117.20  115.12  86.61  93.23  90.50  82.81  89.74  
Rb 0.12  0.13  0.25  0.20  0.21  0.19  0.13  0.41  0.44  0.32  0.47  0.44  
Sr 4.85  5.01  6.86  6.24  2.46  6.07  4.28  44.42  48.14  40.98  32.87  50.10  
Y 431.85  347.87  1117.28  850.25  473.66  763.08  392.90  132.34  123.56  100.30  82.79  121.46  
Zr 37.54  35.17  66.07  58.15  21.09  54.66  35.95  242.45  255.11  252.11  351.11  297.47  
Nb 15.69  15.96  26.08  23.23  11.40  22.41  14.57  2.63  3.07  1.92  0.66  2.50  
Ba 2.20  3.23  3.98  3.21  1.02  3.13  1.72  8.31  9.79  6.72  4.15  7.28  
La 24.90  27.88  37.08  34.12  9.64  33.17  20.44  6.75  6.95  5.83  4.97  6.57  
Ce 151.97  157.35  240.05  213.29  79.39  211.62  125.06  34.14  33.59  27.53  24.85  34.97  
Pr 27.67  27.06  50.01  42.65  17.14  41.15  23.25  6.46  6.07  4.86  4.35  6.44  
Nd 152.08  138.85  310.19  253.36  106.54  240.18  130.14  38.52  35.09  27.61  24.67  37.32  
Sm 50.62  41.30  121.40  93.76  44.15  86.07  44.74  14.54  12.98  10.39  8.34  13.43  
Eu 6.53  6.62  9.63  8.61  4.66  8.52  5.84  3.82  3.76  3.22  3.24  3.74  
Gd 58.35  44.78  154.82  114.03  58.45  105.08  52.65  18.60  16.42  13.25  10.80  16.51  
Tb 10.69  8.09  28.73  21.03  11.03  19.23  9.50  3.40  3.08  2.44  1.90  2.94  
Dy 77.39  59.20  209.31  154.37  82.31  139.99  69.27  24.65  22.74  18.39  14.12  21.88  
Ho 16.28  12.73  42.80  31.89  17.69  28.62  14.65  5.13  4.81  3.97  3.21  4.74  
Er 48.44  38.88  121.39  92.84  52.27  83.62  43.47  15.05  14.21  12.23  10.42  14.56  
Tm 7.304  6.09  17.11  13.37  7.99  12.40  6.67  2.223  2.12  1.90  1.81  2.26  
Yb 51.87  44.62  109.79  89.67  56.65  82.48  46.68  14.91  14.68  13.69  15.04  16.60  
Lu 7.04  6.21  13.91  11.75  7.97  10.64  6.41  1.96  1.89  1.84  2.22  2.20  
Hf 3.20  3.25  5.26  4.53  3.11  4.28  2.77  9.47  9.91  9.40  14.08  10.91  
Ta 0.66  0.86  0.99  0.89  1.53  0.84  0.68  0.13  0.15  0.08  0.01  0.10  





Appendix 5: Representative major-trace element composition of amphibole Hole U1473A (Cont.) 
No. 49 50 51 52 53 54 55 56 57 58 59 60 61 62 
Sample 66R4, 46-49 cm 66R5, 1-7 cm 
Lithology Felsic Vein-R Felsic Vein-R Olivine gabbro 
Remark 801 802 803 804 805 A01 A02 A04 A07 A08 A09 A10 A15 A19 
Gr. Size M M F F F F F M F   
Comments Core Rim Core Rim Core Core Rim Core Core Core Core Core Blebs  Blebs 
Type Brown Colorless Brown Brown Brown Brown Colorless Green Brown Brown Green Green Brown Brown 
Major element compositions (wt%) 
SiO2 46.876 51.111 48.234 50.349 49.656 47.584 49.348 54.032 49.378 48.21 52.813 53.398 47.601 47.358 
TiO2 2.015 0.969 1.753 1.201 1.334 1.921 1.327 0.18 1.454 1.905 0.292 0.241 1.35 1.53 
Al2O3 6.852 4.137 6.034 4.722 5.247 6.617 5.209 1.735 6.367 6.525 2.361 1.845 8.999 8.782 
FeO 14.236 14.226 14.583 14.073 13.76 15.056 14.753 13.44 11.261 14.389 13.145 14.282 9.235 9.115 
MnO 0.331 0.497 0.433 0.48 0.379 0.405 0.4 0.288 0.218 0.383 0.212 0.245 0.113 0.144 
MgO 14.228 15.62 14.153 15.165 14.981 13.615 14.101 16.896 15.801 14.272 15.785 15.348 16.13 16.473 
CaO 10.209 9.535 10.283 10.05 10.049 10.106 10.153 9.752 11.471 10.198 11.263 11.501 11.93 12.193 
Na2O 2.086 1.133 1.902 1.486 1.524 2.18 1.78 0.832 1.656 2.042 0.86 0.667 2.225 2.146 
K2O 0.241 0.14 0.213 0.163 0.201 0.22 0.2 0.058 0.204 0.21 0.124 0.119 0.212 0.282 
Total 97.074 97.380 97.608 97.700 97.132 97.730 97.278 97.220 97.901 98.156 96.879 97.649 97.824 98.071 
Trace-REE compositions (ppm) 
Li 0.67  0.47  0.69  0.71  0.80  0.53  0.50  0.41  0.44  0.78  0.17  0.29  0.54  0.04  
B 11.50  10.03  8.64  7.36  8.00  3.62  3.56  3.94  5.23  4.61  3.13  2.71  3.48  3.88  
Sc 173.77  149.16  176.09  184.54  199.20  140.28  32.38  15.42  104.97  135.40  23.09  36.27  100.69  101.80  
Ti 10313.71  6381.67  6621.87  6649.84  5347.16  9515.75  1455.02  1251.66  8260.83  10073.16  1374.68  1648.63  12835.92  
 
13116.49  
V 77.97  61.49  78.89  84.17  102.90  90.56  98.02  110.36  156.70  100.30  106.01  84.92  665.89  664.13  
Cr 4.66  3.25  4.07  6.90  46.28  107.15  74.47  77.03  438.67  160.72  78.81  17.67  585.26  446.60  
Co 51.42  54.65  52.41  54.19  52.74  50.74  64.71  74.61  55.51  54.27  67.95  66.62  61.60  62.59  
Ni 77.69  75.52  70.29  74.77  75.08  124.02  123.94  270.24  128.68  126.84  132.32  134.46  238.04  228.88  
Rb 0.30  0.76  0.22  0.22  0.20  0.33  0.09  0.05  0.36  0.35  0.07  0.10  0.55  0.46  
Sr 6.59  3.26  3.92  3.84  3.37  5.97  2.99  5.38  4.61  6.09  2.79  2.46  30.42  37.16  
Y 1338.21  1214.33  1016.18  1046.68  955.99  1318.17  272.95  180.29  1270.91  1367.41  285.32  283.27  38.29  35.84  
Zr 79.03  43.62  52.59  56.17  49.44  74.37  6.87  26.19  61.11  74.76  8.03  6.58  39.70  38.09  
Nb 38.42  27.57  28.03  28.42  25.88  37.85  18.68  22.58  34.52  37.06  26.36  18.44  0.99  0.44  
Ba 4.53  2.41  2.82  2.53  1.98  4.73  0.14  0.09  4.03  4.63  0.10  0.18  3.48  2.54  
La 40.85  17.69  28.30  29.47  24.21  39.42  2.35  1.36  28.44  40.22  1.66  3.02  0.93  0.95  
Ce 268.39  135.91  204.59  213.16  176.87  262.23  24.58  14.55  212.88  266.43  18.51  30.85  5.80  5.82  
Pr 59.61  32.54  43.42  45.11  38.03  58.71  7.21  3.85  48.18  58.49  5.71  8.59  1.25  1.23  
Nd 392.77  223.25  273.09  282.20  238.09  381.63  52.80  25.76  312.34  379.27  43.44  61.74  8.56  8.13  
Sm 163.66  114.51  113.24  116.18  100.80  157.28  37.57  14.80  135.21  155.60  34.13  40.97  3.90  3.58  
Eu 11.99  7.21  7.87  8.00  7.08  10.86  1.49  1.04  9.13  11.00  1.38  1.82  1.38  1.26  
Gd 213.22  162.39  145.34  149.81  131.16  201.53  48.84  21.43  178.46  202.16  46.01  54.23  5.79  5.15  
Tb 38.42  32.02  27.23  27.93  24.97  37.32  9.79  4.49  33.47  36.73  9.35  10.35  1.00  0.93  
Dy 273.70  237.54  198.69  201.64  181.68  266.23  65.20  33.48  245.63  263.72  64.91  67.74  7.28  6.75  
Ho 54.55  48.41  40.89  41.42  37.52  53.37  11.43  6.93  50.59  53.15  11.80  11.87  1.49  1.41  
Er 148.77  138.40  115.78  117.11  106.55  148.52  31.61  21.20  145.31  147.53  33.86  31.98  4.18  3.88  
Tm 20.160  20.23  16.28  16.57  15.15  20.479  4.94  3.44  20.77  20.29  5.45  4.93  0.57  0.55  
Yb 125.27  132.16  104.39  106.82  98.31  131.01  35.84  25.56  136.47  128.96  40.86  36.67  3.80  3.80  
Lu 15.53  16.93  13.13  13.52  12.52  16.47  4.61  3.69  17.18  16.12  5.29  5.24  0.51  0.52  
Hf 5.65  4.19  4.19  4.86  3.93  5.71  2.01  4.64  5.26  5.43  1.97  1.89  1.52  1.28  
Ta 1.19  0.88  0.87  0.81  0.76  1.52  2.27  1.82  1.08  1.14  2.09  1.60  0.06  0.03  





Appendix 6: Representative major-trace element composition of zircon in felsic veins Hole U1473A 
No 1 2 3 4 5 6 7 8 9 10 11 12 13 
Samples 41R2, 26-31 cm 64R2, 128-133 cm 66R4, 46-49 cm 66R5, 1-7 cm 
Lithology Felsic Vein-S Felsic Vein-S Felsic Vein-R Felsic Vein-R 
Remark 101 102 103 104 301 302 303 304 305 901 902 C01 C02 
Major element compositions (wt%) 
   SiO2   33.443 33.591 33.436 33.414 33.384 33.484 33.367 33.394 33.296 33.469 32.503 33.467 33.295 
   P2O5   0.159 0.131 0.237 0.259 0.142 0.299 0.266 0.264 0.228 0.97 1.506 0.772 1.076 
   Y2O3   0.164 0.271 0.174 0.317 0.233 0.102 0.204 0.216 0.16 1.506 1.455 1.32 1.577 
   HfO2   1.393 1.558 1.582 1.487 1.733 1.592 1.617 1.796 1.612 2.427 1.982 2.054 2.14 
   ZrO2   62.995 63.013 63.164 62.612 60.885 60.667 61.349 61.214 61.75 60.722 60.625 61.169 61.112 
  Total   98.154 98.564 98.593 98.089 96.377 96.144 96.803 96.884 97.046 99.094 98.071 98.782 99.2 
Trace-REE composition (ppm) 
B 4.85 4.48 5.19 3.71 4.29 2.54 1.99 <DL 1.65 2.67 3.57 2.87 <DL 
Sc 412.40 387.13 381.01 409.60 289.05 369.83 366.83 360.49 383.40 368.32 361.27 329.08 366.53 
Ti 18.16 18.54 19.29 22.52 12.87 18.46 15.54 11.69 65.11 10.51 <DL 7.29 7.06 
V <DL 0.35 <DL <DL 0.14 0.12 0.11 0.12 0.15 0.36 0.73 0.62 0.65 
Rb 0.43 0.44 0.33 0.51 0.42 0.42 0.39 0.63 0.28 2.09 3.47 1.85 2.43 
Sr 0.43 0.50 0.38 0.54 0.45 0.48 0.48 0.75 0.33 2.31 3.59 1.85 2.48 
Y 1525.47 1596.45 1302.82 1999.29 1609.41 1775.78 1639.48 2515.57 1173.13 8039.77 13760.28 7438.41 9746.66 
Nb 1.72 1.30 1.56 2.18 1.31 2.00 1.86 3.64 0.91 30.55 22.73 11.42 25.03 
La <DL 0.16 <DL <DL <DL <DL <DL 0.05 <DL <DL <DL <DL <DL 
Ce 6.65 7.40 6.98 10.23 11.79 14.27 11.85 28.23 5.58 88.74 100.61 75.53 102.18 
Pr 0.06 0.12 0.05 0.11 0.05 0.07 0.05 0.13 0.09 0.23 0.59 0.36 0.37 
Nd 1.47 1.99 1.24 2.31 1.17 1.66 1.38 2.55 1.91 5.40 12.93 8.65 8.52 
Sm 4.35 5.23 3.62 6.23 4.19 4.98 4.29 6.60 4.59 17.77 37.63 24.40 25.36 
Eu 1.10 1.28 0.96 1.59 1.20 1.25 1.16 1.40 1.50 2.68 5.03 3.53 3.66 
Gd 27.99 30.99 23.46 36.98 29.16 31.02 28.72 41.60 26.26 120.55 230.26 141.21 164.78 
Tb 10.67 11.58 9.09 14.23 11.90 12.24 11.44 16.71 9.35 50.11 91.62 53.43 65.72 
Dy 138.77 146.02 119.02 184.48 152.32 160.04 149.28 223.51 114.90 688.73 1204.33 693.45 890.32 
Ho 54.51 57.00 45.67 71.18 60.08 63.10 58.53 88.48 42.26 273.31 474.84 265.27 341.96 
Er 246.39 254.72 209.21 318.61 263.86 285.78 266.10 415.57 183.11 1306.61 2189.17 1196.62 1595.00 
Tm 59.62 61.34 51.69 76.52 65.22 70.23 65.68 104.52 42.76 320.79 529.59 283.10 380.73 
Yb 626.45 637.89 546.49 798.02 695.69 747.82 702.66 1103.08 436.71 3441.98 5562.83 3086.77 3987.70 
Lu 95.99 93.39 78.79 114.78 92.08 107.07 100.13 162.62 62.52 487.96 770.19 401.26 561.88 
Hf 8507.40 8286.96 8102.22 8158.99 8958.38 9469.75 9441.63 10799.96 7953.60 12279.70 12165.19 10465.31 11911.53 
Ta 0.77 0.53 0.73 0.90 0.55 0.88 0.93 1.73 0.21 10.90 7.51 4.71 8.55 
Pb <DL <DL <DL <DL <DL <DL <DL <DL <DL 0.19 0.21 0.11 0.13 
Th 4.62 6.12 4.20 10.31 6.40 8.55 6.82 16.70 2.90 116.07 128.72 65.75 88.45 





Appendix 7: Representative major-trace element composition of apatite Hole U1473A 
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 
EPMA 61R4, 95-100 cm 83R1, 10-13 cm 85R3, 83-90 cm 
Lithology Oxide gabbronorite Oxide rich gabbro Hybridized gabbro - Felsic Vein-D 
Gr. size M M M M M M M M F F F F F 
Remark 321 322 323 324 210 211 212 213 421 422 423 424 425 
Major element compositions (wt%) 
FeO 0.101 0.108 0.122 0.106 0.118 0.165 0.157 0.16 0.182 0.111 0.091 0.158 0.103 
MnO 0.093 0.057 0.045 0.072 0.111 0.111 0.104 0.09 0.038 0.045 0.067 0.024 0.063 
MgO 0.069 0.089 0.081 0.08 0.065 0.096 0.11 0.099 0.057 0.033 0.025 0.027 0.02 
CaO 54.254 54.51 54.571 54.794 54.137 54.138 54.157 54.268 52.867 53.017 52.935 52.244 52.731 
P2O5 41.756 41.152 41.462 41.99 41.451 41.345 41.225 41.169 40.17 40.3 40.981 39.796 39.92 
Trace - REE compositions (ppm) 
Li 0.27  0.69  0.30  0.50  0.40  0.42  0.46  0.52  0.64  0.37  2.75  0.45  0.79  
B 4.73  4.63  4.32  3.82  3.79  3.76  3.37  3.21  2.78  2.71  9.36  3.68  4.01  
Sc 1.35  1.43  1.44  1.38  1.28  1.18  1.39  1.35  1.20  1.21  1.49  1.10  1.21  
Ti 129.93  124.86  111.70  107.52  90.34  80.00  92.77  99.38  107.06  98.68  88.24  113.86  121.90  
V 4.73  3.59  3.79  4.81  3.47  4.74  4.09  4.61  4.13  4.08  5.42  2.87  2.48  
Co 0.53  0.43  0.32  0.36  0.22  0.17  0.22  0.26  0.28  0.21  0.20  0.28  0.73  
Rb 0.20  0.23  0.24  0.25  0.35  0.38  0.33  0.28  0.65  0.67  7.68  0.60  0.59  
Sr 184.67  168.36  170.94  188.79  190.36  162.55  189.08  206.07  128.16  132.80  143.81  113.49  121.34  
Y 1488.57  1669.60  1714.98  1753.64  2629.15  2800.92  2434.83  2075.30  4789.14  4709.93  3901.09  4160.48  4157.59  
Zr 19.93  30.15  29.37  23.49  20.67  17.00  24.08  16.80  9.46  7.98  46.66  1.75  1.39  
Ba 0.35  0.34  0.23  0.20  0.57  0.58  0.58  0.47  0.39  0.33  66.18  0.30  0.30  
La 297.74  345.03  345.76  340.98  462.95  547.93  438.79  367.19  918.59  915.76  815.49  853.13  824.93  
Ce 1244.27  1400.99  1372.23  1348.42  1840.11  2086.92  1758.78  1511.19  3714.48  3649.16  3202.46  3545.69  3580.48  
Pr 196.27  220.71  219.42  220.35  305.45  344.15  290.03  245.65  607.32  600.94  517.08  554.73  548.06  
Nd 955.96  1079.28  1081.92  1093.42  1542.20  1718.19  1452.28  1212.86  3020.83  3018.36  2588.10  2640.95  2592.74  
Sm 252.73  289.19  292.63  296.68  433.64  476.32  406.65  343.43  843.17  844.07  716.13  716.94  706.52  
Eu 37.84  41.54  42.61  42.77  62.40  66.53  62.82  54.40  68.64  71.83  60.35  63.09  60.79  
Gd 300.23  340.08  347.81  356.53  506.75  553.66  472.62  400.08  997.81  989.62  816.70  834.43  831.68  
Tb 43.33  49.53  50.44  51.37  75.47  83.37  69.80  59.51  147.37  145.65  120.52  124.04  123.75  
Dy 279.69  311.82  320.25  325.18  482.98  534.16  444.96  382.59  924.61  916.46  757.76  786.71  785.49  
Ho 52.91  61.07  62.07  63.02  93.30  103.38  84.86  73.57  181.52  178.65  147.42  153.30  154.36  
Er 139.93  157.79  161.53  164.25  243.13  269.53  219.52  195.70  470.82  459.69  383.23  399.46  397.71  
Tm 17.63  19.64  20.18  20.56  30.61  34.19  27.74  24.89  58.14  56.44  47.49  50.31  49.63  
Yb 100.23  112.20  114.95  116.37  173.38  196.47  158.39  144.08  319.58  310.23  270.04  283.68  283.46  
Lu 13.04  14.46  14.94  15.18  21.72  24.57  19.65  18.26  38.78  37.67  32.40  34.46  34.39  
Hf 0.08  0.12  0.09  0.10  0.09  0.09  0.14  0.08  0.10  0.08  1.17  0.06  0.04  
Ta 0.01  0.01  0.01  0.01  0.01  0.02  0.01  0.01  0.01  0.02  0.03  0.02  0.02  
Pb 0.97  1.00  0.96  0.66  1.01  1.34  1.01  0.93  1.39  1.14  2.10  1.31  1.40  
Th 1.02  2.91  2.49  1.97  1.28  1.30  1.25  0.95  2.65  2.82  2.58  3.22  2.86  





Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A 
Pair No. 1 2 3 4 
Lithology Oxide gabbronorite 
Sample 61R4, 95-100 cm 
Remark 23 21 24 22 27 25 28 26 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2 4.158 47.601 5.962 47.342 8.186 46.448 7.817 47.014 
Al2O3 2.152 0.06 2.162 0.04 3.609 0.066 3.54 0.017 
FeO* 87.148 47.994 85.098 48.168 81.622 48.873 82.293 47.731 
MnO 0.197 1.348 0.288 1.241 0.316 1.341 0.253 1.638 
MgO 0.106 0.183 0.125 0.111 0.196 0.151 0.182 0.053 
Cr2O3 0.438 0 0.288 0 0.306 0 0.3 0.002 
ZnO 0.131 0.009 0.096 0.046 0.344 0 0.421 0.014 
V2O3 0.698 2.847 0.795 2.81 0.847 2.679 0.827 2.797 
Fe2O3 57.847 7.639 54.034 7.864 47.991 9.688 48.983 8.007 
FeO 35.096 41.121 36.478 41.092 38.439 40.156 38.218 40.526 
Total 100.850 100.807 100.246 100.546 100.264 100.529 100.561 100.068 
Cation proportion (Carmichael 1967) 
Ti 0.117 0.898 0.169 0.897 0.230 0.880 0.219 0.895 
Al 0.095 0.002 0.096 0.001 0.159 0.002 0.155 0.001 
Fe+3 1.635 0.144 1.533 0.149 1.347 0.184 1.372 0.152 
Fe+2 1.102 0.863 1.150 0.865 1.199 0.846 1.190 0.858 
Mn 0.006 0.029 0.009 0.026 0.010 0.029 0.008 0.035 
Mg 0.006 0.007 0.007 0.004 0.011 0.006 0.010 0.002 
Cr 0.013 0.000 0.009 0.000 0.009 0.000 0.009 0.000 
Zn 0.004 0.000 0.003 0.001 0.009 0.000 0.012 0.000 
V 0.021 0.057 0.024 0.057 0.025 0.054 0.025 0.057 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 12 92 18 92 25 90 24 91 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 699 725 777 750 
Log fO2 -16.37 -15.88 -14.39 -15.36 






Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 5 6 7 8 
Lithology Oxide gabbronorite 
Sample 61R4, 95-100 cm 
Remark 29 31 30 32 35 33 36 34 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2 6.224 47.743 5.522 47.056 6.435 46.791 7.98 47.915 
Al2O3 2.906 0.041 2.736 0.064 2.544 0.075 3.243 0.039 
FeO* 83.5 47.412 84.088 48.384 84.729 48.53 82.949 48.379 
MnO 0.267 1.291 0.237 1.223 0.268 1.222 0.238 1.218 
MgO 0.384 0.276 0.23 0.232 0.554 0.156 0.301 0.115 
Cr2O3 0.344 0 0.383 0 0.407 0 0.418 0.036 
ZnO 0.146 0.007 0.125 0 0.122 0 0.214 0.008 
V2O3 0.785 2.778 0.699 2.749 0.774 2.749 0.856 2.894 
Fe2O3 51.782 6.968 53.693 8.564 53.465 8.840 49.274 7.470 
FeO 36.906 41.142 35.775 40.678 36.621 40.576 38.612 41.657 
Total 100.134 100.270 99.424 100.579 101.193 100.409 101.239 101.352 
Cation proportion (Carmichael 1967) 
Ti 0.175 0.905 0.157 0.890 0.180 0.887 0.222 0.900 
Al 0.128 0.001 0.122 0.002 0.111 0.002 0.141 0.001 
Fe+3 1.459 0.132 1.530 0.162 1.494 0.168 1.371 0.140 
Fe+2 1.156 0.867 1.133 0.855 1.137 0.855 1.194 0.870 
Mn 0.008 0.028 0.008 0.026 0.008 0.026 0.007 0.026 
Mg 0.021 0.010 0.013 0.009 0.031 0.006 0.017 0.004 
Cr 0.010 0.000 0.011 0.000 0.012 0.000 0.012 0.001 
Zn 0.004 0.000 0.003 0.000 0.003 0.000 0.006 0.000 
V 0.024 0.056 0.021 0.055 0.023 0.056 0.025 0.058 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 19 92 17 91 19 91 24 92 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 717 730 743 740 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 9 10 11 12 13 14 
Lithology Fine grained part Disseminated Oxide gabbronorite; Apa free 
Sample 61R4, 49-52 cm 
Remark 39 37 40 38 43 41 44 42 47 45 48 46 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   5.843 47.212 4.759 47.309 6.046 47.888 7.397 48.45 7.798 48.438 7.615 46.76 
Al2O3 4.084 0.078 4.456 0.037 3.308 0.019 3.97 0.027 3.079 0.06 3.548 0.015 
FeO* 81.615 48.191 82.63 47.027 82.929 47.07 81.501 46.308 82.416 46.88 81.436 48.102 
MnO 0.182 0.92 0.154 0.883 0.149 0.845 0.233 0.785 0.351 1.503 0.346 1.557 
MgO 0.951 0.653 0.884 0.987 0.474 0.485 0.316 0.54 0.143 0.193 0.175 0.117 
Cr2O3 1.148 0.025 1.285 0 0.76 0.016 0.646 0 0.516 0.022 0.545 0 
ZnO  0.13 0.033 0.029 0.021 0.117 0.079 0.204 0.043 0.142 0 0.174 0.006 
V2O3 1.552 2.899 1.492 2.924 1.365 3.054 1.364 3.049 1.236 2.953 1.195 2.832 
Fe2O3 51.072 8.719 52.873 7.937 51.719 6.426 48.466 5.023 48.985 5.749 48.322 8.701 
FeO 35.660 40.345 35.055 39.885 36.392 41.288 37.891 41.788 38.339 41.707 37.955 40.273 
Total 100.625 100.888 101.026 99.992 100.357 100.100 100.548 99.710 100.630 100.625 99.875 100.261 
    Cation proportion (Carmichael 1967) 
Ti 0.162 0.888 0.132 0.895 0.170 0.908 0.206 0.921 0.219 0.915 0.215 0.888 
Al 0.178 0.002 0.193 0.001 0.145 0.001 0.174 0.001 0.135 0.002 0.157 0.000 
Fe+3 1.418 0.164 1.462 0.150 1.452 0.122 1.353 0.096 1.374 0.109 1.362 0.165 
Fe+2 1.101 0.843 1.077 0.839 1.135 0.870 1.176 0.883 1.195 0.876 1.189 0.851 
Mn 0.006 0.019 0.005 0.019 0.005 0.018 0.007 0.017 0.011 0.032 0.011 0.033 
Mg 0.052 0.024 0.048 0.037 0.026 0.018 0.017 0.020 0.008 0.007 0.010 0.004 
Cr 0.033 0.000 0.037 0.000 0.022 0.000 0.019 0.000 0.015 0.000 0.016 0.000 
Zn 0.004 0.001 0.001 0.000 0.003 0.001 0.006 0.001 0.004 0.000 0.005 0.000 
V 0.046 0.058 0.044 0.059 0.041 0.062 0.041 0.062 0.037 0.059 0.036 0.057 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 18 91 15 91 18 93 23 94 24 94 23 91 
Geothermobarometer following Andersen & Lindsley (1985)     
T (0C) 738 715 704 688 708 759 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 15 16 17 18 19 
Lithology Coarser part, Ox-gabbronorite, Apa abundant and shear zone 
Sample 61R4, 49-52 cm  
Remark 51 49 52 50 54 53 61 59 62 60 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   4.286 48.094 3.372 48.373 4.049 48.092 6.863 47.864 3.727 47.575 
Al2O3 3.117 0.028 1.547 0.023 1.996 0.032 2.445 0.092 1.886 0.06 
FeO* 85.177 47.316 86.459 46.964 86.226 47.212 83.546 48.047 86.768 47.719 
MnO 0.203 1.063 0.136 1.067 0.108 1.097 0.204 0.831 0.109 0.979 
MgO 0.128 0.15 0.031 0.113 0.115 0.102 0.237 0.385 0.157 0.262 
Cr2O3 0.148 0 0.155 0 0.152 0 0.095 0.005 0.096 0.028 
ZnO  0.26 0 0.347 0.028 0.275 0.036 0.07 0.023 0.098 0.066 
V2O3 1.02 2.877 1.005 2.877 0.991 2.793 0.941 2.884 0.786 2.85 
Fe2O3 55.844 5.997 58.714 5.286 57.453 5.862 51.580 7.267 58.340 7.156 
FeO 34.928 41.920 33.628 42.208 34.529 41.937 37.134 41.509 34.273 41.280 
Total 99.934 100.139 98.958 99.975 99.695 99.956 99.596 100.859 99.507 100.256 
    Cation proportion (Carmichael 1967) 
Ti 0.121 0.913 0.098 0.920 0.116 0.915 0.195 0.901 0.107 0.902 
Al 0.138 0.001 0.070 0.001 0.089 0.001 0.109 0.003 0.085 0.002 
Fe+3 1.583 0.114 1.699 0.101 1.644 0.112 1.468 0.137 1.673 0.136 
Fe+2 1.101 0.885 1.081 0.893 1.098 0.887 1.174 0.869 1.092 0.870 
Mn 0.006 0.023 0.004 0.023 0.003 0.024 0.007 0.018 0.004 0.021 
Mg 0.007 0.006 0.002 0.004 0.007 0.004 0.013 0.014 0.009 0.010 
Cr 0.004 0.000 0.005 0.000 0.005 0.000 0.003 0.000 0.003 0.001 
Zn 0.007 0.000 0.010 0.001 0.008 0.001 0.002 0.000 0.003 0.001 
V 0.031 0.058 0.031 0.058 0.030 0.057 0.029 0.058 0.024 0.058 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 13 93 10 94 12 93 21 92 11 92 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 676 650 670 726 686 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 20 21 22 23 24 25 
Lithology Ox-rich gabbro, Apa rich 
Sample 83R1, 10-13 cm 
Remark 63 65 64 66 73 71 74 72 78 76 79 77 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   3.791 45.321 4.586 43.78 5.011 43.926 4.045 46.256 6.012 45.152 3.706 46.161 
Al2O3 1.473 0.05 1.257 0.062 1.148 0.047 0.219 0.014 1.568 0.057 1.165 0.059 
FeO* 87.676 49.209 87.24 50.091 87.382 50.201 89.623 47.965 86.317 49.747 88.706 48.213 
MnO 0.257 1.842 0.313 1.93 0.358 2.271 0.286 2.286 0.326 1.787 0.235 1.754 
MgO 0.09 0.195 0.058 0.187 0.097 0.13 0.017 0.129 0.131 0.18 0.109 0.13 
Cr2O3 0 0 0.008 0 0 0 0 0 0 0 0 0 
ZnO  0.437 0.006 0.392 0.04 0.247 0 0 0 0.281 0.011 0.231 0.017 
V2O3 0.373 2.674 0.419 2.612 0.428 2.599 0.374 2.718 0.519 2.762 0.383 2.758 
Fe2O3 59.602 11.845 58.283 14.482 57.869 14.690 61.000 9.891 55.477 12.525 60.509 9.681 
FeO 34.046 38.551 34.796 37.060 35.311 36.982 34.735 39.065 36.399 38.477 34.259 39.502 
Total 100.069 100.484 100.112 100.186 100.469 100.646 100.678 100.359 100.746 100.951 100.617 100.062 
    Cation proportion (Carmichael 1967) 
Ti 0.108 0.860 0.131 0.834 0.143 0.834 0.116 0.878 0.170 0.853 0.106 0.879 
Al 0.066 0.001 0.056 0.002 0.051 0.001 0.010 0.000 0.070 0.002 0.052 0.002 
Fe+3 1.706 0.225 1.668 0.276 1.650 0.279 1.747 0.188 1.572 0.237 1.725 0.184 
Fe+2 1.083 0.813 1.107 0.785 1.119 0.780 1.106 0.825 1.146 0.808 1.085 0.836 
Mn 0.008 0.039 0.010 0.041 0.011 0.049 0.009 0.049 0.010 0.038 0.008 0.038 
Mg 0.005 0.007 0.003 0.007 0.005 0.005 0.001 0.005 0.007 0.007 0.006 0.005 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.012 0.000 0.011 0.001 0.007 0.000 0.000 0.000 0.008 0.000 0.006 0.000 
V 0.011 0.054 0.013 0.053 0.013 0.053 0.011 0.055 0.016 0.056 0.012 0.056 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 11 87 13 85 15 85 12 89 18 87 11 90 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 736 768 775 723 775 716 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 26 27 28 29 30 
Lithology Ox-rich Ol-gabbro, highly foliated, Apa free 
Sample 11R2, 29-31 cm 
Remark 1 3 2 4 7 5 8 6 11 13 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   8.345 48.867 5.44 48.714 8.701 48.428 6.532 49.12 6.433 48.62 
Al2O3 6.632 0.066 4.355 0.042 4.091 0.081 3.387 0.037 3.355 0.108 
FeO* 76.433 45.56 80.873 45.242 79.748 45.569 81.066 45.014 82.199 45.878 
MnO 0.262 0.549 0.205 0.667 0.269 0.698 0.19 0.672 0.262 0.56 
MgO 1.48 2.018 0.998 1.925 1.061 1.758 1.017 1.885 0.915 2.04 
Cr2O3 0.447 0 0.568 0.012 0.349 0.003 0.592 0 0.405 0 
ZnO  0.144 0.055 0.131 0.02 0.11 0.013 0.088 0.011 0.088 0.027 
V2O3 1.753 2.952 1.716 2.877 1.735 2.804 1.808 2.898 1.453 2.927 
Fe2O3 43.509 6.449 51.113 6.163 46.252 6.509 50.280 5.421 51.379 7.078 
FeO 37.283 39.757 34.881 39.697 38.130 39.712 35.823 40.136 35.967 39.509 
Total 99.862 100.713 99.424 100.116 100.718 100.013 99.721 100.180 100.276 100.869 
    Cation proportion (Carmichael 1967) 
Ti 0.229 0.910 0.153 0.913 0.241 0.910 0.183 0.920 0.180 0.904 
Al 0.285 0.002 0.191 0.001 0.177 0.002 0.149 0.001 0.147 0.003 
Fe+3 1.193 0.120 1.434 0.116 1.279 0.122 1.412 0.102 1.438 0.132 
Fe+2 1.136 0.823 1.088 0.827 1.172 0.829 1.118 0.835 1.118 0.816 
Mn 0.008 0.012 0.006 0.014 0.008 0.015 0.006 0.014 0.008 0.012 
Mg 0.080 0.074 0.055 0.071 0.058 0.065 0.057 0.070 0.051 0.075 
Cr 0.013 0.000 0.017 0.000 0.010 0.000 0.017 0.000 0.012 0.000 
Zn 0.004 0.001 0.004 0.000 0.003 0.000 0.002 0.000 0.002 0.000 
V 0.051 0.059 0.051 0.057 0.051 0.056 0.054 0.058 0.043 0.058 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 27 93 17 93 26 93 20 94 19 92 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 731 695 733 690 720 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 31 32 33 34 35 
Lithology Ox-rich Ol-gabbro, highly foliated, Apa free 
Sample 11R2, 29-31 cm 
Remark 12 14 15 17 16 18 19 23 20 24 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   4.008 49.465 6.777 48.637 6.917 49.211 6.304 49.103 5.198 48.794 
Al2O3 3.984 0.04 3.437 0.054 4.778 0.044 2.58 0.132 4.051 0.018 
FeO* 84.019 45.511 81.986 45.916 80.089 45.799 82.663 46.112 81.887 46.624 
MnO 0.116 0.635 0.218 0.562 0.199 0.632 0.152 0.62 0.124 0.551 
MgO 0.991 2.137 0.441 1.919 0.359 1.648 0.282 1.213 1.187 1.398 
Cr2O3 0.467 0 0.512 0 0.614 0 0.298 0 0.335 0 
ZnO  0.112 0.041 0.092 0 0.124 0.034 0.073 0.056 0.059 0.017 
V2O3 1.478 2.926 1.509 2.812 1.538 2.839 1.473 3.06 1.408 3.018 
Fe2O3 55.608 6.115 50.006 6.839 47.567 5.692 51.402 5.313 52.708 6.441 
FeO 33.983 40.008 36.990 39.762 37.288 40.677 36.411 41.332 34.460 40.828 
Total 100.764 101.368 99.992 100.585 99.384 100.792 99.008 100.829 99.530 101.088 
    Cation proportion (Carmichael 1967) 
Ti 0.111 0.914 0.191 0.907 0.194 0.918 0.180 0.918 0.146 0.910 
Al 0.173 0.001 0.151 0.002 0.210 0.001 0.116 0.004 0.178 0.001 
Fe+3 1.546 0.113 1.407 0.128 1.337 0.106 1.470 0.099 1.479 0.120 
Fe+2 1.050 0.822 1.157 0.825 1.165 0.843 1.157 0.859 1.074 0.846 
Mn 0.004 0.013 0.007 0.012 0.006 0.013 0.005 0.013 0.004 0.012 
Mg 0.055 0.078 0.025 0.071 0.020 0.061 0.016 0.045 0.066 0.052 
Cr 0.014 0.000 0.015 0.000 0.018 0.000 0.009 0.000 0.010 0.000 
Zn 0.003 0.001 0.003 0.000 0.003 0.001 0.002 0.001 0.002 0.000 
V 0.044 0.058 0.045 0.056 0.046 0.056 0.045 0.061 0.042 0.060 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 12 93 21 93 22 94 19 94 16 93 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 674 720 700 685 695 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 36 37 38 39 40 41 42 
Lithology Oxide gabbronorite 
Sample 83R9, 64-69 cm 
Remark 50 48 51 49 54 52 55 53 58 56 59 57 62 61 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2 6.511 47.928 6.576 48.38 10.451 49.427 10.414 49.056 2.979 49.924 7.615 49.941 8.811 49.304 
Al2O3 2.826 0.134 4.176 0.051 3.142 0.053 2.708 0.014 1.033 0.026 3.883 0.053 4.322 0.264 
FeO* 83.027 47.789 80.525 47.065 79.265 47.052 79.084 46.66 88.092 44.751 80.485 44.446 78.536 46.606 
MnO 0.158 0.889 0.175 0.859 0.255 0.978 0.318 0.894 0.069 0.902 0.182 0.844 0.166 0.74 
MgO 0.479 1.105 0.638 1.072 0.603 0.958 0.404 1.051 0.488 2.114 1.465 2.203 0.743 1.432 
Cr2O3 0.155 0 0.17 0 0.173 0 0.141 0 0.206 0 0.222 0 0.476 0.019 
ZnO 0.1 0.023 0.167 0 0.117 0.011 0.149 0.003 0.034 0 0.108 0 0.134 0 
V2O3 1.183 2.239 1.186 2.268 1.269 2.28 1.235 2.351 1.119 2.297 1.299 2.366 1.866 2.392 
Fe2O3 51.702 8.407 49.318 7.029 43.626 5.887 43.680 5.904 61.006 5.027 48.955 4.782 44.550 6.175 
FeO 36.505 40.224 36.149 40.740 40.010 41.755 39.781 41.347 33.198 40.228 36.434 40.143 38.449 41.050 
Total 99.639 100.954 98.554 100.409 99.723 101.349 98.841 100.621 100.132 100.518 100.242 100.332 99.584 101.376 
Cation proportion (Carmichael 1967) 
Ti 0.184 0.897 0.187 0.910 0.294 0.922 0.297 0.921 0.085 0.930 0.211 0.931 0.247 0.915 
Al 0.125 0.004 0.186 0.002 0.138 0.002 0.121 0.000 0.046 0.001 0.169 0.002 0.189 0.008 
Fe+3 1.465 0.157 1.400 0.132 1.227 0.110 1.244 0.111 1.743 0.094 1.359 0.089 1.247 0.115 
Fe+2 1.150 0.837 1.141 0.852 1.250 0.866 1.259 0.863 1.054 0.833 1.124 0.832 1.196 0.847 
Mn 0.005 0.019 0.006 0.018 0.008 0.021 0.010 0.019 0.002 0.019 0.006 0.018 0.005 0.015 
Mg 0.027 0.041 0.036 0.040 0.034 0.035 0.023 0.039 0.028 0.078 0.081 0.081 0.041 0.053 
Cr 0.005 0.000 0.005 0.000 0.005 0.000 0.004 0.000 0.006 0.000 0.006 0.000 0.014 0.000 
Zn 0.003 0.000 0.005 0.000 0.003 0.000 0.004 0.000 0.001 0.000 0.003 0.000 0.004 0.000 
V 0.036 0.045 0.036 0.045 0.038 0.045 0.037 0.047 0.034 0.046 0.038 0.047 0.056 0.047 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp 
& X'Ilm 
20 91 20 92 32 94 32 94 9 94 23 95 27 93 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 738 720 729 731 636 681 725 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 43 44 45 46 47 
Lithology Felsic Vein-S 
Sample 39R5, 23-28 cm 
Remark 64 62 65 67 66 68 73 71 74 72 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   2.834 47.612 2.685 46.86 5.564 49.089 4.268 47.14 4.055 47.998 
Al2O3 1.013 0.016 1.075 0.054 3.019 0.013 1.64 0.041 1.209 0.016 
FeO* 88.874 47.653 89.105 48.776 83.802 46.365 86.97 49.079 88.028 48.081 
MnO 0.11 1.447 0.108 1.316 0.309 1.388 0.213 1.294 0.215 1.34 
MgO 0.046 0.019 0.001 0.098 0.167 0.058 0.078 0.131 0.059 0.064 
Cr2O3 0 0 0.011 0 0 0 0 0 0 0 
ZnO  0.195 0.01 0.056 0.057 0.402 0 0.225 0.028 0.186 0 
V2O3 0.339 2.831 0.379 2.788 0.555 2.823 0.379 2.718 0.402 2.799 
Fe2O3 61.680 7.036 61.858 9.091 53.566 4.129 58.166 9.160 59.402 7.085 
FeO 33.374 41.322 33.445 40.596 35.602 42.650 34.632 40.837 34.578 41.706 
Total 99.605 100.294 99.629 100.860 99.212 100.150 99.601 101.349 100.127 101.039 
    Cation proportion (Carmichael 1967) 
Ti 0.082 0.904 0.077 0.885 0.159 0.932 0.122 0.886 0.116 0.905 
Al 0.046 0.000 0.049 0.002 0.135 0.000 0.074 0.001 0.054 0.000 
Fe+3 1.780 0.134 1.784 0.172 1.529 0.078 1.670 0.172 1.701 0.134 
Fe+2 1.070 0.872 1.072 0.853 1.129 0.900 1.105 0.853 1.100 0.874 
Mn 0.004 0.031 0.004 0.028 0.010 0.030 0.007 0.027 0.007 0.028 
Mg 0.003 0.001 0.000 0.004 0.009 0.002 0.004 0.005 0.003 0.002 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.006 0.000 0.002 0.001 0.011 0.000 0.006 0.001 0.005 0.000 
V 0.010 0.057 0.012 0.056 0.017 0.057 0.012 0.054 0.012 0.056 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & 
X'Ilm 
8 92 8 90 17 95 13 90 12 92 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 669 690 648 718 688 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 48 49 50 51 
Lithology Felsic Vein-S 
Sample 39R5, 23-28 cm 
Remark 77 75 78 76 81 79 82 80 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   3.783 47.235 2.198 47.925 2.978 47.069 4.687 47.79 
Al2O3 2.078 0.146 1.44 0 1.142 0.025 2.268 0.029 
FeO* 87.326 48.177 89.069 47.793 88.63 48.438 86.534 48.001 
MnO 0.188 1.45 0.1 1.388 0.155 1.249 0.259 1.252 
MgO 0.05 0.12 0.049 0.07 0.175 0.141 0.165 0.13 
Cr2O3 0.009 0 0 0 0 0 0 0 
ZnO  0.361 0.074 0.277 0 0.094 0 0.24 0.056 
V2O3 0.431 2.805 0.358 2.827 0.337 2.726 0.461 2.853 
Fe2O3 58.859 8.262 62.462 6.904 61.389 8.460 57.087 7.290 
FeO 34.364 40.743 32.865 41.581 33.391 40.825 35.167 41.441 
Total 100.130 100.835 99.776 100.696 99.662 100.496 100.356 100.841 
    Cation proportion (Carmichael 1967) 
Ti 0.108 0.892 0.063 0.906 0.086 0.892 0.133 0.902 
Al 0.093 0.004 0.065 0.000 0.051 0.001 0.101 0.001 
Fe+3 1.678 0.156 1.796 0.131 1.767 0.160 1.619 0.138 
Fe+2 1.089 0.855 1.050 0.874 1.068 0.860 1.109 0.870 
Mn 0.006 0.031 0.003 0.030 0.005 0.027 0.008 0.027 
Mg 0.003 0.004 0.003 0.003 0.010 0.005 0.009 0.005 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.010 0.001 0.008 0.000 0.003 0.000 0.007 0.001 
V 0.013 0.056 0.011 0.057 0.010 0.055 0.014 0.057 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & 
X'Ilm 
11 91 6 92 9 91 14 92 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 701 653 689 700 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 52 53 54 55 
Lithology Felsic Vein-S 
Sample 41R2, 26-31 cm 
Remark 5 1 7 2 16 12 17 13 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   3.951 47.764 5.474 48.529 5.048 48.877 2.897 48.901 
Al2O3 1.282 0.038 1.801 0.028 1.273 0.027 1.705 0.041 
FeO* 88.99 48.277 86.882 48.048 86.916 47.726 89.208 47.085 
MnO 0.251 1.654 0.314 1.6 0.222 1.688 0.194 1.771 
MgO 0.001 0.05 0.053 0.039 0.087 0.064 0 0.038 
Cr2O3 0 0 0 0 0 0 0 0 
ZnO  0.186 0 0.251 0.042 0.214 0.042 0.209 0.016 
V2O3 0.355 2.28 0.408 2.301 0.378 2.294 0.313 2.269 
Fe2O3 60.150 7.862 56.388 6.802 57.125 6.244 61.513 5.524 
FeO 34.866 41.203 36.144 41.928 35.515 42.107 33.858 42.114 
Total 101.079 100.851 100.893 101.271 99.963 101.344 100.689 100.675 
    Cation proportion (Carmichael 1967) 
Ti 0.112 0.902 0.155 0.913 0.144 0.918 0.082 0.924 
Al 0.057 0.001 0.080 0.001 0.057 0.001 0.076 0.001 
Fe+3 1.707 0.149 1.595 0.128 1.635 0.117 1.750 0.104 
Fe+2 1.099 0.865 1.136 0.876 1.130 0.879 1.070 0.885 
Mn 0.008 0.035 0.010 0.034 0.007 0.036 0.006 0.038 
Mg 0.000 0.002 0.003 0.001 0.005 0.002 0.000 0.001 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.005 0.000 0.007 0.001 0.006 0.001 0.006 0.000 
V 0.011 0.046 0.012 0.046 0.012 0.046 0.009 0.046 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & 
X'Ilm 
11 92 16 93 15 93 8 94 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 696 699 685 644 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 56 57 58 59 
Lithology Felsic Vein-S 
Sample 41R2, 26-31 cm 
Remark 20 18 21 19 24 22 25 23 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   6.824 48.639 4.642 49.072 3.907 48.719 2.569 48.854 
Al2O3 1.458 0.035 1.289 0.018 1.002 0.048 1.028 0.04 
FeO* 85.881 47.653 86.676 47.121 87.929 47.25 89.841 46.867 
MnO 0.399 1.795 0.226 1.597 0.269 1.732 0.206 1.944 
MgO 0.056 0.074 0.041 0.082 0.049 0.079 0 0.009 
Cr2O3 0 0 0 0 0 0 0 0 
ZnO  0.078 0 0.233 0.051 0.169 0.029 0.162 0.002 
V2O3 0.493 2.229 0.413 2.217 0.408 2.218 0.389 2.255 
Fe2O3 54.017 6.500 57.557 5.319 59.648 5.940 62.673 5.453 
FeO 37.276 41.804 34.886 42.335 34.258 41.905 33.447 41.961 
Total 100.603 101.076 99.304 100.691 99.720 100.671 100.504 100.517 
    Cation proportion (Carmichael 1967) 
Ti 0.194 0.916 0.134 0.927 0.112 0.921 0.073 0.925 
Al 0.065 0.001 0.058 0.001 0.045 0.001 0.046 0.001 
Fe+3 1.533 0.122 1.660 0.101 1.717 0.112 1.793 0.103 
Fe+2 1.176 0.875 1.118 0.889 1.096 0.880 1.063 0.883 
Mn 0.013 0.038 0.007 0.034 0.009 0.037 0.007 0.041 
Mg 0.003 0.003 0.002 0.003 0.003 0.003 0.000 0.000 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.002 0.000 0.007 0.001 0.005 0.001 0.005 0.000 
V 0.015 0.045 0.013 0.045 0.013 0.045 0.012 0.046 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & 
X'Ilm 
20 93 14 94 11 94 7 94 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 708 663 666 637 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 60 61 62 63 64 65 
Lithology Felsic Vein-S 
Sample 64R2, 128-133 cm 
Remark 1-f 1-f 2-f 2-f 3-f 3-f 4-f 4-f 5-f 5-f 6-f 6-f 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   0.611 46.643 0.95 47.448 0.92 47.064 1.397 47.235 1.024 48.564 0.859 48.037 
Al2O3 0.275 0.037 0.218 0.02 0.675 0.015 0.598 0.045 0.148 0.031 0.209 0.02 
FeO* 91.496 47.91 91.099 47.762 90.757 48.054 90.216 48.233 91.622 46.942 91.586 47.69 
MnO 0.092 1.949 0.121 1.882 0.086 1.928 0.138 2.224 0.024 1.656 0.065 1.742 
MgO 0.026 0.083 0 0.034 0.018 0.028 0.029 0.049 0 0.025 0.01 0.019 
Cr2O3 0.019 0 0 0 0.066 0 0.073 0 0.142 0.019 0.066 0 
ZnO  0 0.021 0.01 0 0.03 0.053 0.031 0.025 0.024 0.054 0.005 0.02 
V2O3 0.04 2.979 0.022 3.118 0.076 3.1 0.087 3.039 0.064 3.17 0.057 3.092 
Fe2O3 66.914 8.993 66.204 7.831 65.721 8.631 64.772 9.006 66.402 5.584 66.624 6.994 
FeO 31.286 39.818 31.528 40.716 31.621 40.288 31.933 40.129 31.873 41.917 31.637 41.397 
Total 99.263 100.523 99.053 101.073 99.215 101.119 99.066 101.753 99.702 101.028 99.539 101.333 
    Cation proportion (Carmichael 1967) 
Ti 0.018 0.884 0.028 0.894 0.027 0.887 0.041 0.885 0.030 0.915 0.025 0.903 
Al 0.013 0.001 0.010 0.001 0.031 0.000 0.027 0.001 0.007 0.001 0.010 0.001 
Fe+3 1.950 0.171 1.934 0.148 1.911 0.163 1.886 0.169 1.928 0.105 1.937 0.131 
Fe+2 1.013 0.839 1.023 0.853 1.022 0.844 1.034 0.835 1.028 0.878 1.022 0.865 
Mn 0.003 0.042 0.004 0.040 0.003 0.041 0.005 0.047 0.001 0.035 0.002 0.037 
Mg 0.002 0.003 0.000 0.001 0.001 0.001 0.002 0.002 0.000 0.001 0.001 0.001 
Cr 0.001 0.000 0.000 0.000 0.002 0.000 0.002 0.000 0.004 0.000 0.002 0.000 
Zn 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.001 0.000 0.000 
V 0.001 0.060 0.001 0.063 0.002 0.062 0.003 0.061 0.002 0.064 0.002 0.062 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & 
X'Ilm 
2 90 3 91 3 91 4 90 3 94 2 92 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 610 621 628 653 596 606 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 66 67 68 69 70 71 72 
Lithology Felsic Vein-S 
Sample 68R4, 121-124 cm 
Remark 43 41 44 42 47 45 48 46 51 52 54 56 55 57 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   3.05 46.947 2.371 46.672 3.485 46.135 3.183 47.305 4.115 46.685 4.764 46.207 3.044 49.073 
Al2O3 1.187 0.028 1.208 0.034 1.134 0.037 1.096 0.02 1.07 0.019 1.027 0.006 1.145 0 
FeO* 89.162 48.993 89.515 48.91 88.034 49.081 87.598 47.806 87.965 48.952 87.351 49.597 88.306 46.943 
MnO 0.121 1.303 0.132 1.312 0.177 0.942 0.159 1.358 0.153 1.193 0.152 0.944 0.1 1.2 
MgO 0.042 0.08 0.032 0.091 0.057 0.088 0.029 0.058 0.058 0.04 0.032 0.007 0.031 0.05 
Cr2O3 0 0 0 0 0 0 0 0 0 0 0.001 0 0 0 
ZnO  0.129 0.022 0.13 0.042 0.118 0.06 0.165 0.003 0.114 0.052 0.161 0 0.19 0.041 
V2O3 0.327 2.751 0.304 2.762 0.369 2.803 0.364 2.87 0.358 2.708 0.385 2.766 0.33 2.923 
Fe2O3 61.484 9.161 62.638 9.395 60.141 9.717 60.201 7.483 59.268 9.203 57.919 10.001 60.807 4.600 
FeO 33.838 40.750 33.153 40.456 33.919 40.338 33.428 41.072 34.635 40.671 35.235 40.598 33.592 42.804 
Total 100.194 101.042 99.991 100.767 99.411 100.120 98.642 100.183 99.771 100.571 99.698 100.529 99.292 100.691 
    Cation proportion (Carmichael 1967) 
Ti 0.087 0.886 0.068 0.883 0.101 0.878 0.093 0.899 0.118 0.885 0.137 0.877 0.088 0.927 
Al 0.053 0.001 0.054 0.001 0.051 0.001 0.050 0.001 0.048 0.001 0.046 0.000 0.052 0.000 
Fe+3 1.762 0.173 1.799 0.178 1.736 0.185 1.752 0.142 1.704 0.175 1.666 0.190 1.758 0.087 
Fe+2 1.077 0.854 1.058 0.851 1.088 0.854 1.081 0.868 1.107 0.857 1.127 0.857 1.079 0.899 
Mn 0.004 0.028 0.004 0.028 0.006 0.020 0.005 0.029 0.005 0.025 0.005 0.020 0.003 0.026 
Mg 0.002 0.003 0.002 0.003 0.003 0.003 0.002 0.002 0.003 0.002 0.002 0.000 0.002 0.002 
Cr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Zn 0.004 0.000 0.004 0.001 0.003 0.001 0.005 0.000 0.003 0.001 0.005 0.000 0.005 0.001 
V 0.010 0.055 0.009 0.056 0.011 0.057 0.011 0.058 0.011 0.055 0.012 0.056 0.010 0.059 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp  
& X'Ilm 
9 90 7 90 10 90 9 92 12 90 14 89 9 95 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 697 685 712 682 716 734 630 







Appendix 8: Representative major-minor element compositions (wt%), and geothermobarometer 
 of Fe-Ti oxides Hole U1473A (Cont.) 
Pair No. 73 74 75 76 
Lithology Hybridized gabbro-Felsic Vein-D 
Sample 85R3, 83-90 cm 
Remark 68 78 69 79 72 80 77 75 
Mineral Ti-Mag Il Ti-Mag Il Ti-Mag Il Ti-Mag Il 
TiO2   4.635 47.807 5.672 48.483 4.742 48.058 3.653 48.547 
Al2O3 0.949 0.004 1.136 0.005 0.579 0.01 0.698 0.014 
FeO* 87.868 48.595 84.843 47.778 86.931 48.161 88.113 47.706 
MnO 0.159 1.081 0.226 1.098 0.194 1.025 0.146 1.373 
MgO 0.073 0.062 0.094 0.106 0.039 0.071 0.046 0.143 
Cr2O3 0.056 0 0.061 0 0.09 0.004 0.049 0 
ZnO  0.272 0.019 0.228 0.076 0.047 0.047 0.062 0.014 
V2O3 0.727 2.174 0.736 2.146 0.852 2.135 0.679 2.144 
Fe2O3 58.488 7.570 54.863 6.149 57.678 6.819 60.002 6.327 
FeO 35.240 41.783 35.477 42.245 35.032 42.025 34.123 42.013 
Total 100.641 100.500 98.495 100.308 99.261 100.194 99.463 100.575 
    Cation proportion (Carmichael 1967) 
Ti 0.132 0.906 0.165 0.920 0.137 0.913 0.106 0.918 
Al 0.042 0.000 0.052 0.000 0.026 0.000 0.032 0.000 
Fe+3 1.667 0.144 1.594 0.117 1.670 0.130 1.735 0.120 
Fe+2 1.116 0.880 1.146 0.891 1.127 0.888 1.096 0.883 
Mn 0.005 0.023 0.007 0.023 0.006 0.022 0.005 0.029 
Mg 0.004 0.002 0.005 0.004 0.002 0.003 0.003 0.005 
Cr 0.002 0.000 0.002 0.000 0.003 0.000 0.001 0.000 
Zn 0.008 0.000 0.006 0.001 0.001 0.001 0.002 0.000 
V 0.022 0.044 0.023 0.043 0.026 0.043 0.021 0.043 
Total 3.000 2.000 3.000 2.000 3.000 2.000 3.000 2.000 
Average X'Usp & X'Ilm calculated following Carmichael (1967), 
Anderson (1968); Lindsley & Spencer (1982), Stormer (1983) 
X'Usp & X'Ilm 14 92 17 93 14 93 11 93 
Geothermobarometer following Andersen & Lindsley (1985) 
T (0C) 701 690 691 669 
 Log fO2 -16.40 -17.35 -16.94 -17.55 
 
  
 
